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Abstract 
Maritime shipping is considered the most efficient mode of transport in economic and environmental 
terms. However, its impacts on climate change through greenhouse gas emissions and on human 
health from air pollutants released near residential centres cannot be ignored. Over the last decades, 
regulatory bodies have been developing policies that seek to further improve the sector’s 
environmental performance and at the same time new technologies improve the efficiency of vessels. 
Operational practices of shipliners and port authority initiatives are also relieving the sector’s impacts. 
While there has been significant research on the environmental impacts of maritime transport, there 
has been relatively little work focusing on the effects of maritime activity in the proximity and at 
ports. This thesis presents a transferable framework that allows the estimation of emissions pollutant 
generation near the port focusing on CO2, SO2, NOx and BC emissions. The most relevant emissions 
reduction actions are considered and their effects on the environmental footprint of the port are 
modelled. The thesis emphasizes on the implementation of speed reduction programmes near the port, 
use of cold ironing at berth, and the effects of fuel quality regulation, considering the perspectives of 
the port authority, and the ship operator. The thesis considers the emerging environmental and 
economic trade-offs due to the different emissions reduction actions. A non-linear convex 
optimization model is formulated that minimizes fuel consumption in a sequence of port calls where 
in some areas speed limits or fuel regulations are in place. 
The results show that there is no universal port policy that can simultaneously minimize the 
environmental impact of all ships without economic or environmental penalties. This indicates that 
there is great scope of improvement in existing policies, and that regulators will need to decide what 
their priorities should be in improving the system. The achievements of this thesis can be beneficial to 
policy makers, port authorities, and shipping companies that wish to improve their environmental 
performance without sustaining environmental and economic penalties to do so. 
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Chapter 1 
_______________________ 
1 Introduction 
1.1 Background 
For more than 5,000 years cargoes have been moved via the sea and the ability to transport goods 
played a vital role in the global development. Empires rose and fell, but the role of naval power was 
always critical for their economy and stability. Adam Smith (1776) considered shipping to be one of 
the major catalysts of economic development that opened up wider markets to specialization and as 
Stopford (2009) notes it helped unlock the power of division of labour by allowing the mass 
transportation of products that otherwise would not have been able to be absorbed by local markets. 
In contrast, following the industrial revolution, it is only in the last 140 years that the planet’s average 
surface temperature started increasing. Global warming and climate change are some of the most 
important concerns in the last decades. The Intergovernmental Panel on Climate Change (IPCC) 
reports that there is a 95% certainty that these effects are caused by anthropogenic activities. If global 
warming continues, its associated impacts will vary in different regions. However, anticipated effects 
include melting of ice, rise of sea levels, precipitation, and expansion of desserts. Country members of 
the United Nations Framework Convention on Climate Change (UNFCCC) have agreed that action 
needs to be taken in order to prevent climate change and its effects. The main objective is to reduce 
emissions and limit global warming to 2.0 
o
C relative to pre-industrial levels (UNFCCC, 2011). 
Maritime transport remains to this day the most important mode of moving freight and the sector is on 
a constant expansion in volume moved. It is the most important mode of transport in terms of tonne 
kilometres. Ports serve as intermodal nodes connecting water and various land modes, while also 
providing other useful services to the maritime industry. In recent years, the environmental impacts of 
maritime transport have seen a significant interest from academia. The sector’s contribution to global 
CO2 emissions accounts for between 2.2 (estimate in 2013; Smith et al., 2014) and 2.7% (estimate in 
2007; Buhaug et al., 2009). The majority of academic research in the environmental impacts of 
maritime transport has focused on its overall contribution. However, effects near ports have not been 
extensively researched, with the majority of relevant studies being technical reports of port authorities 
focusing on a very broad level of environmental concerns. The aim of this work is to develop a 
P a g e  | 15 
 
methodology that estimates the emissions reduction potential of various measures in the proximity of 
a port, considering their implications to key stakeholders and the global balance. 
 
1.2 Aims and objectives 
1.2.1 The port system and the environmental problem 
The impacts of port operations on the surrounding area can be attributed to three main categories; 
maritime operations, in-port operations and generated traffic outside the port’s gates. The mechanisms 
through which each of these contributes to the environmental footprint of a specific port differ in each 
case, as do the potential mitigation measures. Due to the size of marine engines operated on board for 
propulsion and electricity requirements of each vessel, the fuel consumption of a large ship can result 
in massive emissions in each phase of the journey. Of particular concern are the emissions near the 
shoreline, as the generated emissions of marine engines contain pollutants with severe health effects.  
1.2.2 Objectives 
The development of an analytical framework accounting for all activity within an area is necessary in 
order to enable the thorough estimation of any improvement through actions. Figure 1-1 shows the 
main transport activities in a port, and some measures that improve environmental performance. 
1  
Figure 1-1: The port system comprising of its various parts and their environmental 
contribution 
In Figure 1-1, the purple boxes refer to emissions that are modelled in this thesis, and the purple 
rhombi the main emissions reduction options examined. Regulation, port policies, operational 
                                                          
1
 VSRP stands for Vessel Speed Reduction Programme 
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practices, and technological adaptations with respect to their performance in emissions reductions are 
examined. The fiscal and social cost of these can be used to compare their effectiveness as developed 
in different ports. The orange and blue boxes refer to yard and hinterland operations respectively, and 
some existing initiatives to reduce these impacts. However, this thesis focuses on the effects of 
maritime activities and the efficiency of mitigating measures. 
A critical assessment of the suggested measures is necessary and will lead in a transferable 
methodology that can be applied by port authorities, shipping lines and regulators to improve the 
performance of maritime activity in such areas. This performance improvement must be done in an 
optimal way in terms of necessary budget allocation and use of infrastructure investments. The 
described work is transferable to other transport sectors with similar environmental issues.  
The primary objective of this thesis is to develop a methodological framework that allows the 
estimation of emissions generation from vessel activity near and at ports, and can examine the 
potential for reduction of a set of policies, technologies and initiatives. The following research 
questions are examined: 
· How are vessel activities in the proximity of the port, linked with the emissions generated in 
the area? 
· Which are the key port characteristics and vessel technical specifications that affect the 
environmental performance of a port? 
· How good are existing measures in reducing the environmental impacts of ports? 
· What are the economic and environmental effects from a ship participating in an emissions 
reduction action developed by a port or regulator? 
· What is the environmental balance between local savings and global penalties of each 
emissions reduction action? 
· How can the local benefits enjoyed in one port lead not only to a global deterioration in terms 
of environmental performance, but also affect negatively the local air quality in other ports? 
· What steps need to be taken to improve the performance of ports considering the 
environmental, budgetary and time constraints of all key stakeholders? 
Finally, a recurring theme in this thesis is the action-reaction concept. Newton’s Third law states that 
for every action there is an equal and opposite reaction. This thesis shows that each effort to reduce 
the environmental impact of one aspect of the system (action) will lead to additional emissions or 
costs at another place or the global balance (reaction).  This also has been described as the push-down, 
pop-up phenomenon where a positive change in one problem can lead to another troubling issue to 
emerge. This is depicted simplistically in Figure 1-2. 
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Figure 1-2: The action – reaction concept in emissions reduction strategies  
Figure 1-2 presents schematically the global contribution of the maritime sector. It implies that the 
contribution is a result of the individual contributions at each port, and the contribution of vessels 
sailing between ports. Figure 1-2 illustrates how one emissions reduction action (for example speed 
limits, fuel regulations, cold ironing) that is targeted at the contribution of one port (port A and port 
C), can lead to increased emissions in the global scale. It also shows that these actions could have a 
reaction at other ports (B and D) that do not have a similar environmental agenda and thus are worse 
off either environmentally, economically or both. The methodology developed through this thesis 
allows the examination of this balance and the emerging trade-offs through emissions reduction 
actions. The methodology is transferable subject to adjustments, to other transport modes and other 
emissions reduction actions. 
1.2.3 Scope limitations 
The reduced availability of relevant data from port authorities and shipping lines has been one of the 
major challenges in this work. For this reason, the analysis presented in this work has a number of 
assumptions that make up for unavailable data. However, the framework and code modules that were 
developed during this thesis were designed in a manner that allows the examination of similar 
concepts with more accurate data.  
1.3 Methodological framework and thesis outline 
The research questions presented in section 1.2 are a snapshot of the thesis outline. The thesis is 
structured into eight chapters, with the first chapter giving an introduction to the research problem and 
the objectives of this work. The main body of this report is divided into six chapters, where each is 
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concerned with a different aspect of the problem. Figure 1-3 shows the structure and layout of the 
thesis, with a short summary of each chapter’s objective. 
 
Figure 1-3: The structure of the thesis 
Chapter 2 presents the main environmental challenges in current port operations. The aim of the 
chapter is to present the main types of port organization and how these can affect the ability of the 
port authority to invest in eco-friendly initiatives. The different terminal types found in ports are 
presented. The main environmental impacts concerning ports are discussed. The chapter answers why 
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the focus of the thesis is on container terminals and containerships. The chapter finishes by presenting 
the main statistical processes that can model maritime activity near the port and at berth.  
 
Chapter 3 reviews the literature on shipping emissions, presents the existing emissions modelling 
methodologies (bottom-up and top-down) and develops an emissions modelling framework for vessel 
activity near and at ports. The role of key parameters in the technical specifications of vessels (engine 
power, engine type, operating patterns) is discussed, and the importance of sailing speed is explained 
following a brief presentation of ship propulsion and associated power requirements. The chapter 
discusses the main activity modes of ships (cruise, manoeuvring, and berth) and how the fuel 
consumption of the different machinery (main and auxiliary engines, and auxiliary boilers) can be 
modelled. Emissions factors used in the literature are reviewed, and ways of increasing their accuracy 
are presented (low-load corrections, fuel type corrections) for each activity mode. The framework 
developed in Chapter 3 will be used throughout Chapters 4, 5, and 6 which contain the majority of the 
analysis work of the thesis. 
 
In the first of these Chapters, the existing regulatory policies on emissions that directly affect the 
maritime sector are presented. The fuel regulations on low-sulphur set by the International Maritime 
Organization (IMO), the European Union (EU) and other regulatory bodies are discussed. Chapter 4 
also presents the main port associations and their initiatives on reducing the environmental effects of 
ports. The background on slow steaming as an operational practice to lower costs is given, and its 
efficiency in reducing fuel consumption and associated emissions is examined. Existing technologies 
that can reduce emissions are presented. The chapter finishes by briefly presenting the most well-
known initiatives developed by port authorities to improve their environmental performance. 
 
Chapter 5 examines the effects that emissions reduction actions for ships have in emissions generated 
in the port proximity. It essentially uses the methodology developed in Chapter 3 to construct baseline 
scenarios for a set of container terminals. It then considers that the emissions reduction actions of 
Chapter 4 would be adapted from these terminals on a voluntary basis for participating vessels. The 
emissions reduction potential of slow steaming across the journey is examined from the port’s 
perspective considering an area of 20NM around the port for comparison purposes. The effects of a 
Vessel Speer Reduction Programme (VSRP) with similar specifications as the ones developed by 
Californian ports are examined. The chapter presents the potential (% terms) of emissions reduction 
through participation to the VSRP (in increasing % order of participation). The provision of cold 
ironing to power hoteling activities of the vessels is also examined, and the emissions saved at the 
port are compared with the emissions generation at the energy source providing the power for the unit 
at the port. The thesis has a particular focus on the port of Los Angeles for benchmarking purposes 
with the other case studies examined. This is attributed to the high quality of data available, and the 
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fact that the VSRP was first developed in Californian ports which have are also active in using and 
promoting cold ironing. Therefore, Chapter 5 compares the potential of such initiatives in other 
container terminals assuming a similar program specification as in the port of Los Angeles. Finally, 
Chapter 5 presents a framework that allows the economic evaluation of the previous actions and their 
costs to the port authority if monetary incentives are offered to participating vessels. This allows the 
estimation of a cost per ton of abated pollutants that can be used as a measure of efficiency from port 
authorities seeking to adapt similar measures. 
 
Chapter 6 is a reflection of what was examined in Chapter 5, but now from the perspective of the ship 
operator. It first presents the implications of certain emissions reduction actions on the revenue and 
costs of individual voyages. The implications of time lost during slow steaming and VSRP on the ship 
operator’s costs are discussed. The modelling framework is expanded to examine the implications of 
an increase in speed outside the zone of a VSRP to make up for time lost. A sensitivity analysis on 
key parameters of a VSRP is performed. The framework is broadened to examine the economic 
effects of fuel regulation and its associated parameters (length of regulated areas, differences in fuel 
price). A methodology to examine economic and environmental trade-offs is developed. Finally, 
Chapter 6 briefly discusses the issue of social costs associated with marine emissions, and how an 
induction of the maritime sector to an emissions trading scheme could help promote reduction 
measures. While outside the scope of this thesis, the chapter discusses pollutant dispersion. This can 
help estimate the social cost by identifying the number of people directly affected by port operations, 
and the chapter proposes a shift towards night time operation for particularly polluting vessels to take 
advantage of changing wind patterns. 
 
Chapter 7 revisits the literature on ship speed optimization models that seek to either maximize profit, 
or minimize fuel consumption and carbon emissions. While there has been relatively little research on 
speed optimization following the adaptation of Emission Control Areas (ECA), no study has looked at 
the implications of a VSRP in the optimal sailing speed. Chapter 7 formulates an optimization 
problem that can minimize the fuel cost in a sequence of voyages for one ship or fleet, where there are 
legs of the journey within regulated areas or some ports offer a VSRP initiative. The model is applied 
to an existing service of an ultra large container vessel (ULCV) and the effects of the new sailing 
speeds in fuel consumption and costs is observed for a variety of scenarios with changing key 
parameters. 
 
 The concluding section in Chapter 8 summarizes the key findings and achievements of this thesis, 
acknowledges the weaknesses and limitations of the work, and finally proposes follow-up research 
questions. 
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Chapter 2 
_______________________ 
2 Port Operations 
 
2.1 Introduction 
Ports are areas on a shore or coast that contain one or more harbours where ships can call and transfer 
cargo or people to and from the land. They generate demand for transport activities within their 
boundaries and neighbouring areas which has various economic impacts on regional, national and 
global economy (Yochum and Agarwal, 1987). Ports act as intermodal transportation nodes that can 
also provide maintenance, shipbuilding, and refuelling facilities to the maritime industry. Ligteringen 
and Velsink (2012) note that for a port’s adequate traffic function, there are three conditions that 
should be fulfilled;  
· accessible and safe entrance from sea (“front” door) 
· adequate hinterland connections with road, rail, inland waterways or pipelines depending on 
the port type (“back” door)  
· Sufficient capacity and equipment for handling and storage as well as space for ship 
manoeuvring and berthing 
The first condition can depend on the nautical layout of the port but on its own does not guarantee 
good port operations. This can be a result of insufficient hinterland connections or poor handling 
capabilities that will quickly clog the port. A port can also have naturally good hinterland connections 
and it is in the society’s interest that service is provided at minimum costs and uninterrupted. 
Competition from neighbouring ports for cargo to and from hinterland locations results in the growing 
importance of in-port efficiency (Ligteringen and Velsink, 2012). 
 Each port has unique characteristics in terms of operation, layout, throughput managed, geography 
equipment, power supply and organisation. Often the terms port and seaport are used for terminals 
handling ocean-going vessels (OGV) and river port for handling river traffic for barges and other 
shallow draft vessels.  Alderton (2013) classifies ports into major groups by functions (cargo 
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interface, ship/shore interface) or by geography (coastal, tidal, artificial, inland and river). Port 
classification can also be based on size (feeder, transhipment) capability to handle large ships and 
number and types of terminals present. 
This chapter starts by presenting the main environmental challenges faced by ports today, the types of 
seaports according to their purpose and organisation and then proceeds to analyse the different types 
of port operations taking place within. The main terminal types are presented and the chapter shows 
why container terminals are examined in this thesis as the most appropriate terminal type for the 
subsequent analysis. Following a brief review of the effects of containerisation in ship and port sizes 
the chapter ends by highlighting the importance of ship activity near ports in environmental terms and 
by reviewing port activity modelling methodologies. 
2.2 Environmental challenges in ports 
The negative environmental effects of port operations are increasing as cargo volumes and throughput 
handled expand. Port operations have both direct and indirect environmental impacts that regulators, 
shippers and port authorities have been trying to address in recent years. The major environmental 
impacts are air and water pollution, depletion of fossil fuel due to the energy requirements of port 
operations, noise and optical intrusion (Talley, 2006).  
Water pollution near the port can occur due to ballast waters, dredging operations, waste disposal and 
oil spillage. Large vessels carry massive amounts of water which is used to stabilize the ship. When 
cargo is removed the ship pumps in water to specially designed tanks to compensate for the change in 
cargo weight distribution. When the cargo is loaded, the water (known as ballast water) is discharged. 
The environmental concerns with ballast water treatment has to do with the fact that when it is 
discharged in different areas (pumped-in in one port, released in another port) it can lead to the 
unintentional invasion of non-indigenous species. These micro-organisms can damage aquatic 
ecosystems and create health issues (Mooney, 2005).  Non-indigenous species can also be transported 
through hull fouling (Drake and Lodge, 2007). The aquatic environment can also be negatively 
affected when dredging operations to increase the port’s depth are taking place. Finally waste 
generated on-board a vessel has to be disposed in non-harmful ways and ports are expected to be able 
to provide waste disposal solutions. Oil spillages can occur anywhere along the journey of a vessel 
including near the port with severe environmental consequences. 
The optical intrusion or aesthetic pollution is the result of the vessels, cargo-handling equipment and 
port superstructure damaging the appearance of the environment around the port. Coupled with the 
noise of port operations and port lights during night operations, these can have a negative effect on 
nearby residents leading to sleep deprivation and increase of stress. Noise pollution is a serious 
concern these days for the transport sector, with a particular focus on noise from airplanes. As a 
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result, many strategies have risen to address this issue for airport operations. For example, changing 
the approach of aircrafts to the airport, considering steeper descents to minimize exposure to 
residents, and adaptation of new technologies. Parallels to the maritime sector exist, however for ports 
the main source of noise pollution is the yard and hinterland operations, and not so much the vessels 
themselves. While noise pollution in ports is an interesting subject, this thesis is limited to air 
pollution. Finally, it should be acknowledged that another serious concern is the effects of noise to 
marine mammals from maritime transport. This is another issue that has some implications to the 
emissions reduction options examined in Chapter 4, however it is not taken into account in this thesis. 
Air pollution in ports is the result of vehicle and cargo movements (ships, cargo-handling equipment) 
and has both local and global consequences. Various different pollutant types are emitted, some of 
which affect the local air quality while others are climate change forcing agents. Currently dealing 
with air pollutants is the most pressing issue port authorities, shippers and regulators are trying to 
address with the majority of existing policies and port initiatives. Section 2.3 will present the main 
types of port management models and their advantages and disadvantages that can affect the adaption 
of green practices.  
2.3 Port organization 
The organisation of seaports varies significantly from publicly owned ports to captive ports built and 
operated by an industry for its own and its partners’ use (for example a bulk export terminal for a 
mining company). This section presents the main types of public and private port organizational 
structures found around the world. The governing body of the port is frequently referred to as the port 
authority. The term port authority has been defined by the EU as a “State, Municipal, public or private 
body which is largely responsible for the tasks of construction, administration and sometimes the 
operation of port facilities and, in certain circumstances, for security” (The World Bank, 2007). Port 
authorities can be established at the national, regional or local level the latter being the most common 
form where one authority is administering only one port area. 
The principal port management models are presented briefly and while no optimal model exists, each 
form has its own merits as shown in the individual SWOT analysis conducted for each model. With 
regards to the environmental impact of port operations, regardless of its management model a port is 
still affected by international regulations that aim to improve its eco-friendliness. The management 
model may influence the port authority’s ability to develop initiatives on its own to improve its 
environmental efficiency. 
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2.3.1 Public ports 
The majority of ports started as public organisations and were then either government-owned at a 
national or regional level or are owned by a separate status of port authority. The role of the public 
port authority is to create the basic infrastructure, devise regulation and provide safety in an 
environment of fair competition in the interests of the public good (Baird, 2002). There are three main 
forms of organization of public ports around the world:  
· the service port,  
· the landlord port  
· the tool port. 
2.3.1.1 Service port 
The service port model has a predominantly public character however it not as common in recent 
years. This organizational structure was common in older eras, and currently exists in developing 
countries with lack of competition from other ports. Under this model the port authority owns all 
mobile and fixed assets and offers all services required for the ports function including cargo storage 
and handling. Typically these ports are controlled by the ministry of transport of the country and the 
director is a civil servant reporting to the relevant minister. In some service ports in developing 
countries the cargo handling is executed by separate public entities which may pose bureaucratic 
challenges affecting the port’s efficiency. 
Table 2.1: SWOT analysis on the service port management model 
Strengths Opportunities 
· Development of superstructure and 
cargo handling operations are the 
responsibility of the same organization 
· Due to its public character, the port 
authority can focus on environmental 
aspects of its operation 
Weaknesses Threats 
· No role for the private sector in cargo 
handling 
· Lack of internal competition 
· Lack of innovation 
· Limited access to public funds for 
infrastructure upgrades 
· No flexibility in labour related problems 
 
Table 2.1 shows a SWOT analysis on the service port management model. With regards to eco-
friendly operation, a port authority that follows this model could theoretically invest in improving its 
environmental performance due to the public character of the model. However, one of the threats of 
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this model is the lack of funds for infrastructure upgrades. This can be addressed by investing in soft 
measures and operational initiatives that aim at making the port more eco-friendly. 
2.3.1.2 Landlord port 
The landlord port model is a mixture of public and private characteristics. The port authority assumes 
the role of a regulatory body, owns the land and gives contractual rights to private sector companies 
for the provision of cargo handling and storage services. The port authority remains responsible for 
the infrastructure, ship safety and nautical accessibility to the port. The infrastructure is leased to 
private companies on a fixed sum per area provided per year. The private operators in turn own the 
superstructure (offices, warehouses) for the cargo handling and service provision and are responsible 
to purchase and install their equipment on the terminal grounds. Dock labour is typically employed by 
private terminal operators though there are examples where part of the labour is provided through a 
port-wide labour pool system (The World Bank, 2007). Notable examples of landlord ports are 
Rotterdam, New York and Singapore. It is considered the dominant port model for large and medium 
sized ports whereas in 1997 88 of the top 100 ports were following this model (Ligteringen and 
Velsink, 2012). 
Table 2.2: SWOT analysis on the landlord port management model 
Strengths Opportunities 
· Private cargo handling companies are 
more adept at meeting market 
requirements 
· Long-term contracts constitute terminal 
operators more likely to proceed in large 
investments to the port 
 
Weaknesses Threats 
· Limited access to public funds for 
investments 
· Risk of overcapacity due to pressure 
from private operators 
· Risk of wrong timing of capacity 
additions 
 
Table 2.2 shows that the main benefit of this model is that the cargo handling companies are better at 
responding to the market requirements. As the port authority is still responsible for regulating the port, 
it can promote emissions abatement measures. As with the service port model, access to public funds 
is not guaranteed and therefore soft measures are usually prioritized (for example in Singapore, see 
section 4.5). However, as this model is the most common for large and medium sized ports it is 
important that eco-friendly practices in ports that have succeeded in improving environmental 
performance are followed in other ports as well. 
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2.3.1.3 Tool port 
In tool ports, the port authority owns the infrastructure and superstructure including cargo handling 
equipment for ship to shore operations as well as yard operations. The port authority licenses some 
cargo handling operations to private companies. The World Bank (2007) notes that there are examples 
of ports where the private operators also invest in gantry cranes which may result in impeded 
operational efficiency. The main problem in such ports is the division of tasks and more importantly 
operational responsibilities as the cargo handling companies depend on the port to operate. Tool ports 
are more similar to service ports in terms of a more public character. This model is more appropriate 
in smaller ports which do not surpass 300000 tons of general cargo per annum. The tool port model 
can be a means of transition towards the landlord model as it can reduce the initial capital investments 
to cargo handling operators.  
Table 2.3: SWOT analysis on the tool port management model 
Strengths Opportunities 
· Investments in equipment upgrades and 
infrastructure are provided by the public 
sector 
· Can be a transitional model to the 
landlord model 
· Due to public funding, it can be easier to 
adapt environmental agendas 
 
Weaknesses Threats 
· Risk of underinvestment 
· Private operators do not own major 
equipment and that may limit future 
expansion of their companies 
· Conflicting situations are probable due 
to the port administration and private 
companies sharing the responsibility of 
cargo handling operations 
· Risk of inefficiency due to lack of 
innovation and communication between 
actors 
 
Table 2.3 shows that the main benefit of the tool port management model is the direct access to public 
funds for upgrades. However, this is mainly a transitional model nowadays and mainly applies to 
small size ports. Therefore, it is possible that investing in environmental initiatives would not be a 
priority for such ports, unless the environmental agendas are enforced by international or national 
regulations in which case public funds will support the adaptation of the measures. Ports under this 
model could additionally benefit from infrastructure investments that also improve efficiency of 
operations. 
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2.3.2 Private ports 
In fully privatised ports the state has no involvement in the port’s function and the land is privately 
owned which requires the transfer of ownership from the public to the private sector. In a survey of 
the International Association of Ports and Harbors only 7% of the participating ports were private 
companies and most were located in the UK (a notable example being the port of Felixstowe) and 
New Zealand (IAPH, 2000). Full privatisation is considered an extreme port reform measure and 
along with the land sale to private interests occasionally the regulatory functions are also transferred 
by the state. The World Bank (2007) notes that the main reasons the UK moved to full privatization is 
to achieve financial and labour stability as well as to modernise the infrastructure which in some ports 
dated back to the industrial revolution era. One of the main disadvantages of this model is that at one 
point there is the risk of the land being sold to non-port activities resulting in the loss of a transport 
node.  
 Additional drawbacks include the fact the port may lose its public service creating a private 
monopoly due to the lack of competition in a given area, the potential shift of priority to the business 
interests of private operators against common operators (De Monie, 1996). Cullinane and Song (2002) 
note that the main motivation behind port privatisation is the expected improved efficiency and the 
relief of financial burden of governments. However they note that it is very hard to show that 
ownership constitutes a significant factor in port performance and efficiency.  
Table 2.4: SWOT analysis on fully privatised ports 
Strengths Opportunities 
· Level of flexibility with regards to 
investments and port operations 
 
· The port operator can develop market-
oriented tariff policies 
· Adapting environmental agendas can 
improve the port’s image 
Weaknesses Threats 
· Government loses ability to develop 
long-term economic policies focusing on 
the port business 
· Risk of land speculation 
· Potential monopolistic behaviour 
· Risk of sale that ceases port function 
 
Table 2.4 summarizes the main advantages and disadvantages of fully privatised ports. From an 
environmental perspective, a privatised port may improve its performance through increased terminal 
efficiency. There is also the opportunity of investing in environmental agendas in order to raise the 
public profile of the port. For example, the port of Felixstowe which is the busiest container terminal 
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in the UK is known to advertise its environmental performance and the investments made to make it 
more eco-friendly. 
Section 2.3 presented the different management models of ports and performed a qualitative SWOT 
analysis for each type. From the perspective of environmental regulation, the management model will 
not play a decisive role as for each port model there are policy measures that can be adapted. The 
management model has a more significant role when it comes to securing funds for large-scale 
investments in port equipment which could have positive environmental effects. The next section will 
present the main terminal types that are found in a port, and will present why the focus of this thesis is 
on container terminals. 
2.4 Terminal types 
A terminal is a facility within the port providing several berths that handle vessels. A port may have 
many terminals of different types and sizes, and each terminal has a primary operator (who may be 
different for different terminals) and is under the control of the same port authority. The main 
components comprising any terminal type are the wet and dry infrastructure, superstructure, cargo 
handling equipment and human resources. The wet infrastructure refers to the harbour basin where 
one or more berths exist to receive ships. The type of berth depends on the terminal type and port 
characteristics. The dry infrastructure is defined by the storage area pavement, the roads inside the 
terminal, the foundations for the crane tracks and the drainage systems. The superstructure consists of 
the main buildings, sheds and other covered storage spaces in the terminal. The cargo handling 
equipment varies for the different terminal types, and is presented in more detail for each type. 
Finally, the requirement for human resources also depends on the terminal type and size. 
 The main types of terminals can be categorized as: 
· Ro-Ro terminals 
· Liquid bulk terminals (LNG, Crude oil, chemical products) 
· Dry bulk terminals (grain, coal) 
· Ferry terminals 
· Multi-purpose terminals 
· Container terminals 
There are other more cargo-specific terminals for products such as fish and fruits which will not be 
presented in detail. Common services in each terminal include the loading/unloading of vessels, the 
temporary storage of cargo, the occasional processing of cargo (for certain types) and the 
loading/unloading of cargo to the next transportation stage. Environmentally, there are trade-offs 
emerging. Large vessels tend to be more efficient per ton of cargo handled, but each individual vessel 
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call is more polluting due to the larger energy demands and the longer duration at berth. In addition, 
more cargo handling equipment is assigned to larger vessels, hence increasing the overall energy 
consumption per call. In a similar manner, an interesting trade-off is the allocation of additional cargo 
handling equipment to a polluting vessel, which would increase the energy consumption in the yard 
but have the benefit of fewer emissions from the vessel. In the next sections the key characteristics of 
the various terminal types and the respective vessel types are presented briefly with a more elaborated 
focus on container terminals and containerships. 
2.4.1 Ro-Ro, passenger ferry and cruise terminals 
Ro-Ro stands for roll on/ roll off ships which are vessels designed to carry wheeled cargo that is 
driven on and off the ship and can be either vehicles or trailers. Trailers differ from sea containers in 
that trailers cannot be lifted and need to be moved onto the ship via special yard equipment or as an 
entire truck-trailer combination. Ro-Ro ships can be further classified as ferries, Ro-Pax (roll on/ roll 
off – passenger), cruise ferries, cargo ships, car carriers, and barges. The Ro-Ro ships have a ramp 
which is used to drive the cargo between the ship and the berth and this is typically located at the stern 
of the ship which then docks perpendicularly to the berth. This allows a marginal quay to be sufficient 
to receive the vessel. For some vessels that require further flexibility the ramp forms an angle with the 
axis of the ship and allows the ship to dock parallel to the berth. From the terminal’s point of view it 
is necessary to provide sufficient parking space for the trucks that wait to be loaded in the incoming 
Ro-Ro ship.  
Passenger ferry and cruise terminals are similar to the Ro-Ro terminal model but with a focus on 
allowing the quick and safe movement of passengers and occasionally cargo (at the very least cars). 
These require a terminal building similar to a train station that receives passengers and provides ticket 
facilities, waiting areas, amenities and safe access to the berthed vessel. Passenger ferries tend to 
make numerous short-sea trips calling at various ports and therefore require very short durations of 
berth which in turn requires a high level of efficiency from each terminal operator. For cruise ships 
the time at berth is generally longer and occasionally large berths are required to handle the largest 
cruise ships. In recent years the provision of shore power for cruise ships has been considered (Paul 
and Haddadian, 2009). These ships generally have very high energy requirements at berth. Provision 
of shore power however would require additional space to install these facilities in the terminal. With 
regards to their environmental impact, this largely depends on the size of the terminal and of the 
vessels calling at it. In general, ferry terminals are characterized by short calls and the impacts of the 
vessels is not as serious as in other terminal types. However, cruise ships are a very serious concern as 
these vessels tend to stay at some ports for long periods and these vessels have immense energy 
demands (examined in section 3.4). Another environmental concern is the queuing phenomena from 
passenger and cargo vehicles waiting to load or exit the port are a significant burden.  
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2.4.2 Bulk terminals 
Bulk terminals are classified into liquid and dry bulk depending on the nature of the products handled. 
Liquid gas tankers transport gas at high pressure and/or low temperature in order to reduce the volume 
of the gas and transport larger quantities. The main types of products include liquefied petroleum gas 
(LPG) which is a mixture of propane and butane, liquefied natural gas (LNG) at atmospheric pressure 
and very low temperatures (-162 ºC) and other types of gases (such as ammonia, ethylene etc.). The 
largest LNG carriers span lengths of up to 350 m and can carry up to 262,000m
3 
of LNG. Liquid bulk 
terminals do not require heavy cranes moving alongside the tankers as these are unloaded via 
manifolds. As a result limited surface is required for the tankers at berth however there are 
requirements for storage tanks near the port. 
Dry bulk carriers are transporting big quantities of uniform unpacked commodities such as grain or 
coal. Most of these ships are loaded and unloaded via shore based equipment however there is a small 
number of vessels with self-loading capability and on-board equipment. These vessels are equipped 
with hatches of wide dimensions allowing broad access to the handling equipment. The largest class 
of bulk carriers is comprised of Ultra Large Ore Carriers (ULOC) which can reach lengths of 360m 
and a deadweight tonnage (dwt) of 400,000. Dry bulk terminals are frequently built for a specific type 
of cargo. There is a distinction between the import and the export terminal which reflects the 
differences in the unloading and loading processes respectively. At the import terminal, cranes are 
used and need flexibility to unload the material from each hold. There are requirements for a quay to 
install heavy cranes (except for self-loading vessels). At the export terminal the loading is performed 
using conveyor belts that extend above the ship allowing the material to fall into the holds at a 
constant high rate. From an environmental perspective, these terminals host vessels that have 
significant energy demands and prolonged stays at berth. The average age of the bulk carrier fleet is 
an additional concern to the environment due to less efficient engines and ship design. The 
environmental impact of bulk terminals poses an interesting research question. However, this thesis 
will not focus on this terminal type as the lower sailing speeds used as well as the volatility of the 
market (crude oil prices) constitutes many of the emissions reduction actions examined in Chapter 4 
not compatible. 
2.4.3 General cargo and multi-purpose terminals 
General cargo terminals and multi-purpose terminals are designed to handle a variety of cargo types. 
They are found in ports that are not able of building multiple specialised terminals for each cargo type 
(either due to economic or geographic constraints) or simply because the expected traffic for each 
cargo type does not justify a specialised terminal. For example, Ligteringen and Velsink (2012) 
suggest that at throughputs of less than 50,000 TEU/year a specialised container terminal is redundant 
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while a small dry bulk terminal would require cargo flows of between 0.5 and 2 million tons per year.  
General cargo terminals are the oldest type of ports handling break-bulk and unitised cargo 
particularly before the era of containerisation. These terminals are nowadays more frequently 
encountered in developing countries where the rate of specialisation is not that high. 
 Modern general cargo terminals and multi-purpose terminals are very similar, however older general 
cargo terminals are much smaller and their conversion to meet current requirements is difficult. 
Nowadays, most multi-purpose terminals handle conventional break-bulk with Ro-Ro cargo while 
containers are also part of the regular cargo flow. As a result specialised equipment for container 
handling is offered and an open storage area for containers is required. Most ships visiting these 
terminals do not surpass 25,000 tonnes. Due to the small size of visiting ships, the environmental 
implications of this terminal type are not very significant. However, multi-purpose terminals are 
designed to accommodate large container vessels with lengths of up to 270 m to anticipate a future 
growth in container throughput at the terminal.   
2.4.4 Container terminals 
Container terminals are responsible for the transhipment of cargo containers between different 
transport vehicles. These terminals are large parts of the port and provide storage facilities for loaded 
containers, refrigerated containers (reefers) as well as for empty containers. This terminal type is 
considered highly polluting due to the energy demands for container handling and the large 
turnaround time of vessels at berth (Cannon, 2008), and is therefore examined in this thesis as there is 
greater data availability (vessel specifications, vessel calls). Containerships are considered amongst 
the most polluting ships in CO2 emissions (Psaraftis and Kontovas, 2009). In addition, there are 
several fixed liner services visiting ports where different regulations apply allowing in-depth analysis 
of their impacts. In this section the history of containerisation is presented along with the evolution of 
container terminals and ships.  
2.4.4.1 Containerisation 
Containerisation refers to the system of transporting goods using intermodal steel containers of 
standardised dimensions. The concept of using containers for the transportation of coal originated in 
the late 18
th
 century but the real breakthrough in logistics came in 1955.  Malcom McLean designed 
the intermodal container; a steel box 8 feet tall, 8 feet wide and 10 feet long. This was equipped with a 
twist-lock mechanism atop each of its four corners allowing the container to be lifted and secured 
using cranes. In the first twenty years of containerization various sizes and corner fittings were used 
and due to the incompatibility between different systems there was a requirement for standardization.  
Today the standard intermodal container is the twenty foot equivalent (TEU) of a length of 20ft and 
commonly a width of 8ft and a height of 8ft 6 in (which may vary as there are more than one 
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standardised containers). A container of the same width but double the length is called a forty-foot 
equivalent unit (often abbreviated as FEU) and is considered advantageous as it can be legally 
transported on-road (in Europe the limit a trailer can carry is a container of a length of 45 feet). About 
90% of the containers that are transported in ships are FEU.  
Containerisation helped reduce transport costs, allowed faster handling of shipments at ports and 
reduced congestion in ports. It also changed the way liner companies operated from a port-to-port 
service to trading through fewer ports. This in turn led to competition between ports to attract liner 
services. As a result in 2005 the top 60 container ports handled approximately 98% of the total 
throughput (Stopford, 2009). This pyramid structure is also evident in the busiest ports as in 2013 the 
10 largest container ports amassed 39.7% of the total volumes handled by the leading 100 
(Containerisation International, 2014).  
There has been a steady increase in container trade over the last three decades with an average growth 
of 9 to 10 per cent. However during the 2008-2009 recession there was a drop in the absolute numbers 
of container throughput and a deceleration ever since in the growth as seen in Figure 2-1. 
 
Figure 2-1: Global container trade, 1996-2014. Source: UNCTAD (2013) 
2.4.4.2 Evolution of containerships and terminals 
Containerships are classified in different size categories typically based on their dimensions and 
capacity measured in TEU. The smallest containerships are known as feeders and usually can carry up 
to 2000 TEU whereas the feedermax class indicates a bigger feeder ship. These vessels are used for 
short-haul operations between smaller ports and/or larger transhipment ports. 
 Larger vessels are used for long-haul trades where 80% of the time is spent at sea. The names of the 
larger classes (similar to other vessel types) reflect size and whether the ship is capable of crossing the 
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Panama Canal. In the past, the Panama Canal’s lock chambers limited vessels up to a beam of 
32.31m, a length of 294.13m and a draft of 12.04m (Autoridad del Canal de Panama, 2005) and 
containerships of larger dimensions were named Post-panamax. Following the Panama Canal 
expansion project the term New Panamax has been used to describe vessels that are not able to transit 
as the maximum dimensions allowed for vessels will be 366m long, 55m wide and 18.3 m deep 
(Autoridad del Canal de Panama, 2006). The largest vessels are classified as Ultra Large Container 
Vessels (ULCV) which have a capacity higher than 14,000 TEU and may reach lengths of up to 400 
m. Notable examples are the Triple E class container ships designed by Maersk. In the literature there 
are differences in the number of TEU each class can carry and occasionally different naming 
conventions are used. For example, MAN (2009) distinguishes 6 classes (small feeder, feeder, 
panamax, post-panamax, new panamax and ULCV) whereas Stopford considers 7(feeder, feedermax, 
handy, sub-panamax, panamax, post-panamax and VLBC- very large box carrier) other works use a 
smaller number of classes or simply denote the TEU capacity (POLA, 2012). It has been argued that 
the principal measure of size for cargo ships should be the deadweight tonnage (i.e. its cargo-carrying 
capacity in tonnes) and not the TEU since the weight of an individual container would vary and 
change the available dwt of the vessel (Meckel, 1985). This view holds some truth, however a 
container vessel is also restricted in terms of volume and not only weight. This argument is more 
relevant when emissions allocation needs to take place (emissions per unit mass transported). Figure 
2-2 shows another classification of the different container classes as years went by and the vessels 
evolved to accommodate the increased demand. 
 
Figure 2-2: The evolution of the containership. Source (Ashar and Rodrique, 2012) 
The economies of scale that led to larger ships also exist in port operations. Port operators have tried 
to accommodate the increased transport demand and the larger vessels which led to port expansions 
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and investments in newer equipment and dredging so that can these vessels can call in the port and be 
serviced. The newer triple E ships are designed with a draught of 14.5 m (Ship-technology, n.d.) 
which is deeper than some ports can handle.   
In 2013 the top 100 ports in terms of annual throughput saw on average a volume growth of 3.3% 
(Containerisation International, 2014). 
2.4.4.3 Terminal layout and equipment 
The typical container terminal provides berths for the reception of vessels, cargo handling equipment 
for the loading/unloading operations and storage space for the containers at the yard. It must facilitate 
the intermodal exchange of containers with road and rail transport at the gates. Figure 2-3 depicts 
container flows in a conventional layout of a container terminal and its three main areas where 
containers are moved; the quayside the yard and the hinterland section. 
 
 
Figure 2-3: Container terminal layout, equipment and cargo flows at different terminal areas 
 
Stopford (2009) notes that the quayside comprises of several berths each serviced by one or more 
ship-to-shore (quay) cranes which are able of lifting containers that weigh up to 40 tons. These cranes 
are also known as container handling gantry cranes and generally are rail mounted to move along the 
quay for positioning at the required place with respect to the berthed ship. They are classified by 
lifting capacity and the maximum size of a container ship they may handle. The main categories are 
Panamax cranes which can handle a ship of 12 to 13 containers wide, the Post-Panamax (18 
containers) and the super-post Panamax which have a reach that surpasses 22 containers. A super-post 
Panamax crane may weigh up to 2,000 tonnes and indicatively cost around 5 million US$ (Fischer 
and Franken, 2003). For this reason the quay needs to be strengthened to tolerate the loads of the 
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cranes. Quay cranes can be the cause of a major bottleneck in the terminal’s operation slowing down 
fast ship handling operations and increasing turnaround time (Imai et al., 2008). As technology 
improves, the quay cranes become faster reaching up to 60 moves of TEU per hour. Energy efficiency 
also increases by taking advantage of hybrid technologies and energy regeneration when the cargo is 
lowered. 
These terminals require large storage space for the containers that may stay at the port several days 
(even weeks for ports in developing countries) which ideally needs to be close to the berth for fast 
unloading of the vessel. This area is typically called the yard where containers are stored in multi-
tiered stacks which for ports with very limited area resources can reach up to 12 container tiers as in 
Hong Kong (Brinkmann, 2011). The transportation between the quay and the yard differs from port to 
port depending on size, throughput handled and resources available. The most common machinery 
used are forklift trucks, reach stackers, chassis-trailers, straddle carriers and automated guided 
vehicles (AGV). These vehicles collect the container from the quay crane (in the chassis and AGV 
case the container is placed on top of their platform) and move it close to the storage stacks (and vice-
versa for exported containers to be loaded to the vessel).  
Cargo handling equipment is then required for the horizontal and vertical movements of containers at 
the stack (reshuffling of containers). The typical machinery involves: 
· rubber tyred gantries (RTG) which are very flexible but require good subsoil conditions to 
endure the high loads on the pavement 
· rail mounted gantries (RMG) that are more appropriate for larger stacks but require higher 
capital investment 
· automated stacking cranes, which are very expensive to acquire and maintain, but have the 
benefit of automation that reduces labour costs. 
The next step in the process is the movement of containers from the storage yard and the stacks to the 
hinterland side and the truck stations (and the opposite for containers that just arrived from the 
hinterland). This is typically performed by stacking cranes as these have the ability to lift the 
container over the truck. This is in contrast to rail transport where various types of equipment are used 
(Ligteringen and Velsink, 2012). The final or first process occurs at the gate where export containers 
leave the port for their inland destination while import containers arrive respectively. The busiest 
terminals use advanced information technology to reduce congestion at the gate and waiting times for 
trucks. 
All the aforementioned processes where containers are moved require energy to be performed with 
the source depending on the equipment used and whether it burns fossil fuel (diesel engines), relies on 
electricity provided by the grid or is hybrid. An estimation of the energy needs can be performed 
through analytical calculations based on the horizontal and vertical movements of containers from one 
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place to another inside the using basic energy models (equipment specifications, mass of container, 
speed of movement and height differences are necessary inputs). For more accurate estimates the fuel 
used by the equipment and the kWh of energy from the electric equipment are required. Energy losses 
are often observed due to relocation of containers or inefficient transportation due to congestion 
problems in the yard (Steenken et al., 2004).  Conventional machinery relying on diesel is a source of 
emissions in the port whereas electric vehicles would not generate pollutants in the port but induce 
emissions at the source powering the equipment. Air pollution is further discussed in section 2.5 
which also briefly explains why this thesis focuses on the environmental effects of maritime activity 
near ports, and not yard or hinterland operations. 
2.5 Environmental impacts and maritime activity modelling 
The port operations affecting local quality in the surrounding area can be distinguished into three 
categories; maritime operations, yard operations and generated traffic outside the port gates. These are 
presented briefly in the next paragraph as the focus of the thesis is on the environmental impact of 
vessel activity in the proximity of the port. The main modelling methodologies for maritime 
operations in the port are then presented along with the necessary information to estimate the 
environmental impacts thereof. 
2.5.1 Effects of container terminal operations to local air quality 
The maritime operations result in pollutant emissions from the calling vessel movements in the 
proximity of the port, manoeuvring near the berth and at-berth energy demands, otherwise known as 
hoteling activities. Harbour craft (including tugboats) that operate near the port are also generating 
emissions. Yard operations that are performed by equipment relying on conventional thermal engines 
for their energy run on fuel and thus generate emissions to move the cargo horizontally and vertically. 
Finally, the traffic on the hinterland is also contributing to the port’s environmental footprint through 
the use of fossil fuel. In all three different activity types there are cases where some of these 
operations are using electricity (Cold ironing for ships, hybrid or electric cargo handling equipment, 
hybrid vehicles or electric railways) which results in emissions generated in the source providing the 
electricity and not in the port. 
 The relative contribution of each activity on the pollutants generated in the port depends on the 
technical specifications of equipment used, the age and size of ships, the port’s layout and the 
efficiency of operations. Comparative studies are scarce in the literature and frequently port 
authorities publish estimations of their CO2 emissions. These figures are based on energy 
consumption with very simplified calculations (e.g. Port of Felixstowe, 2013). One of the most 
complete studies can be found in the annual emissions inventory report of POLA and Figure 2-4 
illustrates the contribution of each mode to the most important pollutant species. 
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Figure 2-4 Distribution of port related emissions in the Port of Los Angeles (POLA, 2012) 
Figure 2-4 shows Ocean Going Vessels (OGV) are the main contributors for pollutants with a heavier 
influence on local air quality (e.g. SOx, NOx, and PM). However, for greenhouse gas emissions (CO2) 
the heavy goods vehicles are the most polluting. On the other hand, cargo handling equipment has a 
smaller part in most pollutants with the notable exception of CO emissions. CO emissions generation 
is facilitated by poor combustion conditions (and low engine operation) typically present in fossil-fuel 
cargo handling equipment. Figure 2-4 supports why the majority of port authorities and regulators 
around the world that have developed green agendas have focused on the emissions of vessels. Due to 
the significance of ship emissions to a port’s environmental performance, this thesis focuses on vessel 
activity near and at ports, considering various policies, technologies, and practices that address this 
issue. Other sources of emissions are also important and their contribution is addressed through port 
authority programmes which are briefly discussed in section 4.5 but are not quantitatively examined 
in this thesis. The mechanisms of the pollutant species generation as well as their implications on 
climate change, local air quality and human health are further explored in Chapter 3. 
2.5.2 Modelling maritime activity near and at ports 
The maritime activity near and at the port that is of interest for the construction of emissions 
inventories can be described by the pattern of vessel arrivals at the port and the duration of berth at 
each call. Ports tend to publish reports on their short term expected traffic, patterns which combined 
with a comprehensive dataset of visiting vessels and berth durations could be used to obtain a 
thorough analysis of emissions within a port. Alternatively, if such data are not available, ship arrivals 
are usually modelled through Poisson processes which provide a good fit (El-Naggar, 2010). A 
Poisson distribution is a discrete probability distribution that estimates the probability of the 
occurrence of a given number of events within a specified time interval when the average rate of 
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events λ is known and the events are independent one another. The probability mass function of X=k 
events occurring in the examined interval is given by equation 2.1. 
𝑃(𝑋 = 𝑘) =
𝜆𝑘
𝑘!
𝑒−𝜆                   (2.1) 
For the Poisson distribution the positive number λ is equal to both the expected value of X and its 
variance. Zis et al. (2012) provide an illustration of the Poisson process of containership arrivals per 
day at the Port of Felixstowe during April 2012 and the fit with the actual observed data (probability 
of n arrivals per day based on a sample of a total of 264 vessel calls) is shown in Figure 2-5. 
 
Figure 2-5: Observed arrivals of containerships in the port of Felixstowe and a Poisson fit 
Source: Zis et al. (2012)   
The second important parameter in port operations is the vessel turnaround time at berth; e.g. the 
duration of time until the vessel has been serviced (cargo unloading and loading). For container 
vessels, this could be theoretically calculated based on the number of cranes assigned to the vessel, 
their speed of operation (movements per hour) and the necessary movements on the vessel. Figure 
2-6shows the berth duration of the 264 vessel calls against their gross tonnage whereas Figure 2-6b 
depicts the cumulative distribution of the turnaround time for all vessels during that period. 
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Figure 2-6 (a) Cumulative of berth durations. (b) Berth duration against gross tonnage  
Source: Zis et al. (2012)  
When data information on turnaround time is not available Erlang distributions are used to model 
berth service times (Yamade et al., 2003; Son and Kim, 2004). Therefore, when examining the effects 
of new regulation, technologies or port initiatives to the environmental impact of a container terminal 
in the future may require the predictions of maritime activity using statistical distributions. 
Alternatively, the performance of the terminal in the past (where data on number of ships calling and 
berth durations are known) can be compared with the performance of the same activity under the new 
conditions. 
2.6 Summary 
This chapter started by presenting the various types of port organization and how the different 
management systems have evolved over the years taking into account the benefits and drawbacks of 
each model. Regardless of the governing management model, the port authority can assume the role 
of developing ways of addressing the main environmental concerns of the port’s operation.  
The main environmental challenges port authorities were briefly discussed noting that the majority of 
existing regulation seeks to primarily address the issue of air pollution. It was shown that parallel to 
the continuous growth of the maritime sector, ship and port sizes had to be increased to meet the 
additional demand for transport. The main terminal types were presented according to the types of 
cargo they handle and the visiting fleet. This thesis will focus on container terminals and the 
emissions generated from visiting containerships. This choice was justified because containerships are 
regarded as the greatest polluters, more data is available and most of the emissions reduction actions 
are more applicable to containerships due to their higher sailing speeds. Container terminals are easier 
to model due to the existence of fixed liner shipping services. The effects of containerisation to the 
maritime sector and the port expansions to accommodate growth were presented for the three main 
areas of port operations (maritime, yard and hinterland).  
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While all port activities have environmental consequences to air pollution, it was argued that the most 
important contributor are the vessel activities due to the larger variety of pollutant species released in 
comparison to yard equipment and gate operations. The example of the POLA’s emissions inventories 
was selected to backup this conclusion. The chapter ended by highlighting that the most important 
parameters of maritime activity in a port are the pattern of arrivals and the turnaround time of vessels 
at berth, and presented the statistical distributions that can be used to model this activity in absence of 
data.  
The following chapter conducts a detailed literature review on activity based methodologies that 
model emissions generation from shipping and builds the main methodological framework of this 
thesis to estimate the footprint of ship activity in a port. The remaining chapters of this thesis will then 
present existing legislation, technological solutions and port authority initiatives that aim to reduce 
ship emissions in the proximity of the port and complement the modelling framework to assess the 
efficacy of each solution available to address these impacts. 
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Chapter 3 
_______________________ 
3 Environmental Impact of Maritime 
Port Operations 
 
3.1 Introduction 
Ports attract and generate significant traffic activity due to their operation. As all major transport hubs, 
ports have a significant environmental footprint. Air pollution is defined as the contamination of the 
indoor or outdoor environment by any agent that modifies the natural characteristics of the 
atmosphere (WHO, 2005). The combined activities of cargo and passenger vessel movements and 
berthing periods within the port area and the hinterland result in significant air and noise pollution in 
the surrounding area. For instance, the two largest US West Coast ports (Port of Long Beach and Port 
of Los Angeles) are the largest source of air pollution in southern California, resulting in more than 
2,400 premature deaths annually and increased cancer risk and asthma rates (California Air Resources 
Board, 2006). Approximately 60,000 deaths related to lung cancer and respiratory diseases have been 
linked to ship-related Particulate Matter (PM) emissions. The majority of these fatalities occur near 
coastlines in Europe, and East and South Asia (Corbett et al., 2007). This raises the issue of 
estimating, monitoring and minimising shipping emissions near ports. As ports expand in size and in 
the cargo and passenger volumes they serve, the need for accurate estimations of resulting emissions 
grows. 
In Chapter 2 the different port types were presented and effects of their activities analysed. In this 
Chapter, the most important pollutants generated through maritime activity in the vicinity of ports are 
discussed. These include those that have a global effect (e.g. CO2), local effect (e.g. SO2 and NOx) as 
well as emissions which affect both local populations and broader areas (e.g. Black Carbon - BC). The 
emission generation mechanisms are explained for each relevant maritime activity that takes place in 
the port. These are used to develop a framework for the estimation of emissions from all sources 
within the port and creation of a port emissions inventory. The required data to conduct a 
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comprehensive study on a given port’s environmental footprint are discussed and a methodology to 
assess the social costs of the generated emissions is presented. 
3.2 Relevant pollutants 
Shipping activity near ports is contributing to the generation of some of the most widely discussed 
pollutant emissions that affect either the local or global environments or both. The World Health 
Organization (WHO) stresses that the global climate is changing as the earth’s temperature is rising 
which may lead to potential effects on human health through various ways. Carbon dioxide and other 
greenhouse gases-GHG (methane, nitrous oxide etc.) concentrated in the atmosphere are trapping 
more heat in the lower atmosphere leading to global warming. The WHO considers that human 
activities (predominantly the burning of fossil fuels) have released sufficient amounts of GHG to 
affect global climate. More specifically, CO2 concentration has increased by more than 30% since pre-
industrial times. Furthermore, the effects of the products of fossil fuel combustion have severe effects 
locally. Pollutants of major public health concern include products of incomplete combustion (such as 
carbon monoxide and particulate matter), sulphur dioxide (if sulphur is present in the combusted fuel) 
and nitrogen dioxide. Moreover, there are products of combustion that affect local exposed population 
and at the same time contribute to global warming; one of the most important is BC. The next sections 
will present the main pollutant species generated from vessel activities. 
3.2.1 Carbon dioxide (CO2) 
Carbon dioxide is a chemical compound consisting of two oxygen atoms each covalently double 
bonded to a single carbon atom; thus the molar mass of 1 mole of CO2 is 44.01 grams. CO2 is in 
gaseous form at standard temperature and pressure, and exists in the Earth’s atmosphere as a trace gas 
with a current average concentration of 395ppmv (Earth System Research Laboratory, n.d.) compared 
to about 280ppmv in the 18th century (EPA). According to the Environmental Protection Agency 
(EPA) CO2 is the primary GHG contributor to climate change. It is absorbed and emitted naturally as 
part of the carbon cycle, in addition to emissions as a result of human activities. The combustion of 
fossil fuels releases significant amounts of carbon to the atmosphere. The International Energy 
Agency (IEA) estimated that 31,734.3 million tonnes of CO2 were released in 2012, due to fuel 
combustion (IEA, 2014). Deforestation also contributes to increased atmospheric concentrations of 
CO2 and is responsible for approximately 20% of the annual increase (Manahan, 2006).  The 
stoichiometric combustion of a pure hydrocarbon fuel in the presence of excess oxygen follows the 
general equation: 
𝐶𝑥𝐻𝑦 + (𝑥 + 𝑦)𝑂2 → 𝑥(𝐶𝑂2) +
𝑦
2
𝐻2𝑂                  (3.1) 
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Human activities currently release over 30 billion tons of CO2 in the atmosphere annually. At the 
global level there have been many efforts to reduce or at least restrict the growth of CO2 emissions. 
The most popular relevant international initiative has been the treaty of the Kyoto Protocol to the 
United Nations Framework Convention on Climate Change (UNFCCC) which set binding obligations 
to industrialised countries to reduce their GHG emissions. The Kyoto Protocol set commitment targets 
in the form of percentage reduction of emissions with 1990 as the base year.  However, bunker fuel 
emissions are exempt from the Kyoto targets on greenhouse gas emissions (Michaelowa and Krause, 
2000). 
Electricity generation, heat production and emissions from the combustion of fuel (transport, 
industries) are the main contributors to CO2 generation. The transportation sector accounted for 22% 
of world CO2 emissions in 2010 (IEA, 2012), while the shipping sector alone was responsible for 
2.7% of the global amount (IMO, 2009). This figure is relatively low considering that maritime 
transport accounts for the movement of 90% of the world’s trade. However, recent trends suggest that 
cargo volumes will continue to increase and as a result maritime transport is expected to further 
expand in the coming years. In addition, all other sources of emissions are part of the Kyoto protocol 
and are regulated, which means that their carbon footprint will decline over time. Technological 
innovations that will improve fuel efficiency as well as operational practices that target fuel economy 
will help to mitigate the increase of maritime transport related CO2 in absolute numbers, but are not 
enough. In the case of fossil fuel combustion, there is a limit to the theoretical fuel efficiency that can 
be achieved. It is therefore important to examine the potential of operational practices and regulations 
that can cut carbon emissions from maritime shipping. 
3.2.2 Carbon monoxide (CO) 
Carbon monoxide is a chemical compound of one oxygen and one carbon atom connected by a triple 
bond. Carbon monoxide is a colourless, odourless and tasteless gas that has slightly lower density than 
the atmospheric air (1.25 kg/m
3
 versus 1.293kg/m
3
, at 0 °C). CO is poisonous and exposure to it 
affects the central nervous system and heart, and may be fatal. The WHO notes that about 60% of the 
annual global emissions of CO are from human activities, the largest part of which is attributed to 
exhausts of internal combustion engines (World Health Organization, 2000). The other important 
sources include power plants using coal and waste to energy facilities (incinerators). CO is an 
intermediate product of the combustion reaction of hydrocarbons (Heywood, 1988) and normally 
reacts with oxygen to produce carbon dioxide. However, CO may be generated in combustion engines 
due to incomplete oxidation of fuel. This can be the result of either insufficient oxygen in the fuel-air 
mix, incomplete reaction before equilibrium is reached or through rapid cooling of the reaction 
through heat transfer at the cylinder walls (North, 2006). The presence of CO in the exhaust is an 
indicator of inefficient combustion. In the USA, the Clean Air Act required EPA to set national 
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standards for pollutants considered harmful, categorised as primary and secondary. Primary standards 
provide public health protection including high-risk population (children, elderly, asthmatics) while 
secondary standards are less strict their purpose being to provide public welfare protection and relief 
from problems such as decreased visibility, damage to animals, crops, vegetation, building and 
monuments (Congress, 1990). For CO, the EPA has set only primary standards of 9ppmv (equivalent 
to 10.305 mg/m
3
) for an 8-hour averaging period and 35ppmv (40.075 mg/m
3
) for hourly periods 
which cannot be exceeded more than once a year. This shows the importance that EPA places on CO 
as a harmful pollutant and the amount of efforts to reduce its impact to population. 
3.2.3 Sulphur dioxide (SO2) 
Sulphur dioxide is a chemical compound consisting of two oxygen atoms and a sulphur atom. Its 
molar mass is equal to 64.066 g per mol. SO2 is in gaseous form at standard temperature and pressure 
and exists in Earth’s atmosphere in very small concentrations with an average value in the atmosphere 
of approximately 1 ppbv (Pickering and Owen, 1997). Chemically, SO2 is produced following the 
oxidation of sulphur or other materials that contain sulphur according to the following reaction: 
𝑆 + 𝑂2 → 𝑆𝑂2                   (3.2) 
Fossil fuels (coal and oil) contain varying amounts of sulphur according to their purpose but typically 
this content varies between 0.1 and 5%.  
SO2 has a dual nature as a global and local pollutant. Sulphur dioxide is considered a hazardous 
pollutant that can cause nerve stimulation in the lining of the nose and throat and particularly affects 
people with asthma (NAEI, 2013). It could also cause asthma and other breathing difficulties to 
individuals without a pre-disposition (HPA, 2010). Further oxidation of SO2 occurring in the presence 
of NO2 forms H2SO4. This contributes substantially to form acid rain which in turn interferes with 
the growth of flora and fauna as well as with water-life (Cullinane and Cullinane, 2013). Sulphur 
dioxide is generally not considered a GHG. However, it plays a part in global climate change; in the 
pre-industrial era climate change is credited to have started by major changes in volcanic activity 
which release large quantities of SO2 (Crowley, 2000).  
Ward (2009) notes that SO2 is the most voluminous chemically active gas emitted by volcanoes, and is 
then oxidized into sulphuric acid within weeks. Major historic volcanic eruptions have led to the 
cooling of the earth’s surface; however Ward concludes that this happens only when such volcanic 
eruptions are sporadic and large. Large eruptions in quick succession (e.g. at least one each year for a 
period of ten or more years) would impair the oxidizing capacity of the atmosphere, leading to the 
accumulation of GHG. Ward therefore shows that SO2 can indirectly contribute to global warming. 
The combustion of fossil fuels every 1.7 years is emitting as much SO2 as one large volcanic eruption 
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(as measured in Greenland). The largest source of SO2 emissions is fossil fuel combustion at power 
plants (approximately 73%) and other industrial facilities (20%), while smaller sources include the 
burning of high sulphur containing fuels by locomotives, non-road equipment and large ships 
(EPA,2013). Between 5 and 8% of the global anthropogenic SO2 emissions is attributed to the 
maritime sector (Eyring et al., 2005). 
The WHO recommends that a concentration of 500μg/m3 should not be exceeded over averaging 
periods of 10 minutes duration and that the 24-hour mean should be less than 20 μg/m3. The ten 
minute period is justified as such short periods of exposure of asthmatics to SO2 may provoke changes 
in pulmonary function and respiratory symptoms. Longer term exposures to SO2 together with other 
pollutants contribute to changes in mortality, morbidity or lung function (WHO, 2005). In the 
European Union, legislation suggests that the 1-hour mean should not exceed 350μg/m3 whereas the 
24-hour mean should be less than 125 μg/m3. The maximum allowed number of exceedances each 
year is 24 and 3 respectively (2008/50/EC), which is less strict than the WHO guidelines. Comparing 
the two standards, the EU limit is more tolerant on its daily mean value which can be interpreted as a 
consequence of the better air quality in comparison to countries that rely more on coal and fossil fuels 
for their energy production. In response to these limits, the IMO and the EU have set specific limits 
on the sulphur content of fuel used near and at ports which will be explored in Chapter 4.  
3.2.4 Nitrogen oxides (NOx) 
NOx denote the mono-nitrogen oxides NO and NO2 which are produced from the reaction of nitrogen 
and oxygen in the air at high temperatures during combustion or natural phenomena such as lightning. 
There are natural biogenic and industrial sources of NOx. NO is produced naturally during 
thunderstorms due to the extreme temperatures of lightning and can result in acid rain as the NO can 
form compounds with water. Agricultural fertilization and nitrogen fixation are the principal biogenic 
sources that contribute to atmospheric NOx (Galloway et al., 2004). The most important 
anthropogenic NOx emissions arise from energy production processes including combustion of natural 
gas, fuel that contains significant nitrogen content (such as coal), and fuel at high temperatures that 
results in the reaction of nitrogen of the air with oxygen. The latter reactions form NOx during 
combustion and do not directly involve fuel but instead are a result of the partial or complete 
oxidation of the nitrogen that forms 79% of the atmospheric air that is admitted to the cylinder. In the 
case of NOx production during fuel combustion of diesel engines, operation at lower temperatures 
would decrease these emissions however due to the incomplete combustion, there would be trade-offs 
with other pollutants. 
The three principal reversible reactions that produce NO are the following 
𝑁2 + 𝑂⇄NO+N                                                                     (3.3a) 
𝑁 + 𝑂2⇄NO+O                                           (3.3b) 
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N+OH⇄NO+O                                                     (3.3c) 
The formation rate of NO increases at higher temperatures. In a combustion engine, fuel is injected 
just before the end of the compression stroke and parts of the mixture that burn early are further 
compressed leading to increased temperature and NO production. During the expansion stroke the gas 
expands and the cooler excess air present reduces the temperature and the nitrogen oxide forming 
reactions stop (Heywood, 1988). Nitrogen monoxide may convert into nitric acid which is associated 
with acid rain. Additionally, nitrogen monoxide and nitrogen dioxide both participate in the depletion 
of the ozone layer (Crutzen, 1970). 
Nitrogen dioxide arises through the oxidation of NO by oxygen in air. This process is facilitated at 
high temperatures, but normally reverses at lower temperatures. According to Heywood, the excess 
air in the cylinder reduces the temperature rapidly and freezes the reverse reaction leading to levels of 
NO2 higher than predicted. NO2 is toxic if inhaled and long-term exposure may decrease lung function 
being linked with the sudden infant death syndrome (Klonoff-Cohen et al, 2005). The WHO has set 
guidelines for maximum values of NO2 that should not be exceeded (WHO, 2005). The recommended 
annual mean for NO2 is 40μg/m
3
 while the maximum 1-hour mean stands at 200μg/m3. The allowed 
limits for NO2 in Europe are 200μg/m
3
 for 1 hour averages with a maximum of 18 exceedances and 
40μg/m3 for the annual average. The EPA was obligated through the Clean Air Act to set primary and 
secondary standards for NO2. The primary standards set the 1-hour limit of NO2 at a maximum of 100 
ppb (equivalent to 188 μg/m
3
) while the secondary standards set an annual average limit of 53ppb 
(99.64 μg/m3). The stricter limits in the USA can be attributed to the fact that there are more heavily 
polluted regions in comparison to Europe. Popp (2006) notes that the difference in regional regulatory 
limits is a result of each region’s environmental quality. The author also notes that limits can be a 
driver for technological innovation within each country to address the issue. Chapter 4 discusses the 
efforts of the IMO to specifically target the contribution of the maritime sector to NOx emissions. 
3.2.5 Particulate Matter (PM) 
The term Particulate Matter (PM) refers to tiny pieces of solid or liquid matter which are suspended in 
the atmosphere. PM can have detrimental effects to human health and also impact climate and 
precipitation. PM is commonly categorised based on the particle size in terms of mass, particle 
number or reactive surface area (Mathis et al, 2005).  The most common categories of PM include 
suspended particulate matter, respirable suspended particles (PM10 - with diameters of 10μm or less), 
fine particles (PM2.5 - 2.5μm or less), ultrafine particles (less than 100nm) and soot. PM in outdoor 
pollution has been classified by the International Agency for Research on Cancer (IARC) as a 
carcinogenic agent to humans of group 1 (indicating that there is sufficient evidence of carcinogenity). 
According to EPA the most severe threat is from particles less than 10μm as these can penetrate the 
lungs and even enter the bloodstream. According to Raaschou-Nielsen et al (2013), an increase of 
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10μg/m3 in PM10 concentration is linked with a lung cancer rate increase of 22% in nine European 
countries. A similar increase of PM2.5 was correlated with a 36% increase in lung cancer. 
PM has also been linked with premature death in people with pre-existing heart or lung disease, 
increase in asthma occurrence and respiratory symptoms. PM additionally affects the environment. 
More specifically, PM2.5 is the main cause for haze due to the encounter of sunlight with the 
particulates which results in reduced visibility. Particles can be transported over long distances due to 
the wind, and then settle on ground or water with significant negative effects. These include making 
water basins acidic, changing the nutrient balance in coastal waters, depleting nutrients in soils and in 
general affecting the diversity of ecosystems. PM may also cause aesthetic damage to stone and other 
materials including culturally important monuments. 
EPA estimates that health benefits associated with the reduction of directly emitted PM2.5 range from 
$290,000 to $1.2million per ton of PM in 2030; while the costs of achieving such reductions are much 
lower (EPA, 2014). Under the Clean Air Act the EPA has to set air quality standards to protect public 
health and welfare from threats including PM. Similar limits have been introduced for PM10 and 
PM2.5 in other countries around the world. There are yearly and daily average maximum values for 
the concentration of particulates in the air, and in some countries even a maximum number of allowed 
exceedances per year. Table 3.1 summarises the current limits that apply for PM10 and PM2.5 in 
countries where relevant information was available. 
Table 3.1: Daily (24-hr average) and annual PM limits,  allowed number of violations per years 
  Australia China EU Hong 
Kong  
Japan USA 
PM2.5 Daily 25 75 None 75 35 35 
 Year 8 35 25 35 15 15 
 Allowed None None None 
(01/2015) 
9 None None 
PM10 Daily 25 150 50 100 100 150 
 Year NA 70 40 50 None None 
 Allowed NA None 35 9 None 1 
Source: Australian Government, Department of the Environment, European Commission, 
Environmental Protection Department, Bureau of Environment, EPA 
3.2.6 Black Carbon 
A special case of particulate matter of less than 2.5μm diameter is Black Carbon (BC). BC is emitted 
straight into the atmosphere in the form of fine particles and is a major component of soot, a complex 
light-absorbing mixture that contains impure organic carbon particles. BC consists of pure carbon, 
formed through the incomplete combustion of fossil fuels or biomass and is emitted in both 
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anthropogenic and naturally occurring soot (Anenberg et al., 2012). BC is both a climate forcing agent 
and local pollutant with hazardous effects on the population. 
 BC is the PM component with the greatest light-absorbing capacity and influences the climate in 
various ways (EPA, 2012). According to the EPA, it can absorb a million times more energy than CO2 
per unit mass in the atmosphere. Apart from directly absorbing light, BC may also reduce the 
reflectivity of snow and ice as it is deposited on them. The reflecting power (commonly known as 
albedo) of snow and ice can reach up to 85% and 40% respectively. However, due to BC this 
reflectance is limited. Small quantities of BC reduce snow reflectance as these scatter in the snow 
pack and this may alter snowmelt timing and the snow spatial coverage. The latter is connected to 
climate change through the snow-albedo feedback (Flanner et al, 2007). BC also influences the 
amount of solar radiation that is absorbed by clouds. (Chýlek et al., 1996). Grassl (1975) estimated the 
radiative heating of clouds due to the presence of BC which also affects the cloud albedo. These 
mechanisms constitute BC a climate impacting pollutant that may lead to increased temperatures, 
accelerate ice and snow melt. The latter effects of BC are therefore, particularly important in sensitive 
regions such as the Arctic. BC finally influences the pattern and intensity of rain, and due to its short 
atmospheric lifetime (days to week) and strong warming potential, the EPA recommends deploying 
strategies and policies to drastically reduce BC emissions in order to reap climate benefits in the next 
decades (EPA, 2014). 
With regard to public health effects of BC, these are similar to PM2.5 effects. As such, short term and 
long term exposure to BC is associated with respiratory and cardiovascular effects as well as 
premature death. However, the EPA notes that linking specific health impacts to each constituent of 
PM (including Black Carbon) is difficult as there is insufficient information to determine this 
correlation. This due to a lack of clinical and toxicological studies that would allow the evaluation of 
qualitative and quantitative differences between health effects of PM and BC (Janssen et al, 2012). 
 Ramanathan and Carmichale (2008) estimate that approximately 20% of BC is emitted from biofuel 
combustion, 40% is attributed to fossil fuels and the remaining 40% from open biomass burning (e.g. 
forest fires). Similar estimations attribute about 20% of BC emissions to generation through diesel 
engines in 2000 while the most important contribution of diesel engines is for non-road diesel 
transport (Bond et al., 2013). In 2011 the IMO started reviewing the impacts of black carbon 
emissions from shipping with a particular focus on future Arctic shipping (Lack and Corbett, 2012). 
In 2013, during the 65
th
 MEPC, the Committee rejected a proposal to limit the work on BC emissions 
in the Arctic and instead the international scope of the pollutant was emphasized (Lloyd’s Register, 
2013). However, to date no specific BC emissions reduction actions have been proposed by the IMO. 
 
This section presented the main pollutant species generated from marine engines activity. For the 
majority of these pollutants, regulatory bodies have set limits in the maximum allowable 
concentrations (hourly, daily, and annual limits) which vary in different areas according to the 
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severity of their impacts there. The next section will present how the activity of marine engines is 
generating pollutant emissions and how the necessary engine power for each activity can be 
estimated. The section also discusses which are the key parameters that affect the quantities of 
pollutants emitted. 
3.3 Fuel Consumption and Emission Generation 
The anthropogenic GHG and pollutant emissions are created through the combustion of fuel used to 
provide energy either to meet electricity demands or simply produce work (e.g. move something). The 
fuel composition, quantity, combustion efficiency and operating patterns of a combustion engine are 
required to calculate the induced emissions. Fuel composition refers to the different chemical 
elements that comprise the chemical compound to be combusted. The combustion is the series of 
exothermic chemical reactions between the fuel and an oxidant (usually oxygen) that produce heat 
and convert the initial chemical species to new chemical compounds known as products. Fossil fuel 
used for energy production and transport is normally a hydrocarbon which during complete 
combustion yields CO2 and H2O. However, actual fuel is impure and composed of a variety of 
hydrocarbon species and other impurities. This fuel is burnt in atmospheric air composing of 20.9% 
O2 and about 79% Nitrogen.  
There are additional elements present in the fuel such as sulphur, which may also react with the 
oxidant and produce emissions of the most common oxides. Other emissions generated through the 
combustion of fuel include nitrogen oxides, carbon monoxide and particulate matter. Nitrogen does 
not participate in the combustion although it may be converted to NOx at high temperatures during 
combustion.  
Carbon monoxide is formed due to a lack of oxygen for complete combustion of the fuel. During 
incomplete combustion, some products of the pyrolysis that precedes combustion remain unburned 
and contaminate the smoke released into the atmosphere. In this thesis, the focus is on the main 
emissions generated during the operation of marine engines, and during electricity generation from 
the grid. The methodology presented is used to model CO2, SO2, NOx and Black Carbon. 
3.3.1 Marine diesel engines 
Marine diesel engines also referred to as compression-ignition engines are internal combustion 
engines that convert the chemical energy in fuel to shaft power through the use of the Diesel 
thermodynamic cycle (Heywood, 1988).  Reciprocating diesel engines use the heat of compression to 
ignite and burn the fuel injected into the compressed air in the combustion chamber. 
 The Compression-ignition refers to the fact that diesel engines do not require a spark plug to ignite 
the fuel and start operation. Instead, the heat of the compressed air vaporizes fuel from the surface of 
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the droplets and the vapor is then ignited by the heat from the compressed air until all the fuel in the 
droplets injected has been burnt. The rapid expansion of combustion gases then drives the piston and 
converts the chemical fuel energy into kinetic energy to the shaft.  The theoretical cycle on which 
modern diesel engines work is represented by the dual cycle illustrated in Figure 3-1.  
  
Figure 3-1: The theoretical heat cycle of a true diesel engine. Source: Pounder's Marine Diesel 
Engines and Gas Turbines 
At point A, the air is compressed adiabatically (red curve) to point B. At this point, fuel injection 
begines and heat is added to the cycle partly at a constant volume (yellow line) until point C, and then 
heat is added at constant pressure (green line) until point D. At this point, expansion begins 
adiabatically (blue line) to point E where the heat is rejected to exhaust at constant volume (purple 
line) until point A where the cycle has finished. Due to the fact that the expansion and compression 
strokes are assumed to be adiabatic, there are no losses to coolant or ambient tempetarure. The ideal 
efficiency of this cycle (neglecting any mechanical efficiency losses due to friction) is about 55 to 
60% and the losses are attributed to heat loss to the exhaust (Woodyard, 2009). The area surrounded 
by the lines represents the work delivered on the piston during one cycle.  
However, in reality there are further losses that reduce the efficiency of the engine. The rate and the 
way in which heat is added to the compressed air depends on the fuel injection equipment and the 
operating mechanism. The compression and expansion processes are not truly adiabatic as heat is lost 
to the cylinder walls, and the exhaust and suction strokes create pressure differences which the 
crankshaft feels as pumping work and thus reduces efficiency. Most vessels use reciprocating diesel 
engines for operational simplicity and fuel. Marine diesel engines can be further classified by their 
operating cycle (two-stroke or four-stroke) and by their maximum operating speed (slow speed up to 
300 RPM, medium speed 300-900 and high speed above 900).  
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3.3.1.1 Two-stroke diesel engines 
A two-stroke diesel engine works in two strokes and is simpler mechanically than four-stroke engines 
though more complex in thermodynamic processes occurring in the cycle. In a two-stroke engine, the 
four main processes of the theoretical cycle (intake, compression, ignition and exhaust) occur in one 
revolution and as a result at any given time more than one function occurs. The intake phase begins 
when the piston is nearest to the crankshaft (bottom dead center) and air is admitted to the cylinder 
through ports in the wall as there are no intake valves in 2-stroke engines. The cylinder is charged 
with air through artificial aspiration and during the intake the air charge forces out any remaining 
combustion gases from the preceding power stroke (scavenging). The piston rises and the air inside 
the cylinder is compressed (compression). Farthest from the crankshaft (top dead centre), fuel is 
injected and combustion starts due to the extremely high pressure and heat of the compression (power 
stroke). Then the piston moves downward and the exhaust port opens to reject the high-pressure gases 
(exhaust). Therefore, in a two-stroke engine every upward stroke of the piston is a compression stroke 
and every downward stroke is a power stroke. The previous strokes are illustrated in Figure 3-2. 
 
Figure 3-2: The two-stroke diesel cycle.  
Source: Bennett  (2010) Modern Diesel Technology: Diesel Engines 
Most 2-stroke engines are considered slow-speed engines operating below 120 RPM, while the largest 
very long stroke engines have a maximum speed of 80 RPM. 
3.3.1.2 Four-stroke diesel engines 
In four-stroke internal combustion engines the four basic steps repeat every two revolutions of the 
engine. During the intake stroke either turbo-boosted air is charged to the cylinder or a drop in 
pressure is created due to the piston moving towards the maximum volume position. Simultaneously, 
the inlet valve opens and the vaporized fuel mixture is sucked into the combustion chamber to fill the 
pressure gap. The second step is the compression stroke where the piston is driven upward to 
compress the air inside the cylinder while both valves (inlet and outlet) are closed. During 
compression the pressure, temperature and density of the fuel mixture increases. Just before the piston 
reaches the top dead center, the third step takes place (power stroke) where fuel is injected into the 
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cylinder and the resulting gas expansion moves the piston downward. At the end of the power stroke 
the exhaust valve opens and the fourth and final step begins (exhaust stroke). During the exhaust 
stroke the piston is again driven upward to displace end gas through the exhaust valves. At the end of 
this stroke the exhaust valve closes while the inlet valve opens to allow the sequence to start over. The 
four steps of a four-stroke engine are depicted in Figure 3-3. 
 
Figure 3-3: the four-stroke diesel cycle. 
 Source: Bennett (2010) Modern Diesel Technology: Diesel Engines 
 
The majority of 4-stroke marine engines are medium speed operating at a maximum of around 
500RPM. 
3.3.1.3 Differences between two-stroke and four-stroke engines 
Both types have advantages and disadvantages, with the choice depending on the required operation. 
A 4-stroke engine has a more compact size, can operate at higher revolutions per minute and is more 
flexible at different operating patterns. Furthermore, a 4-stroke engine has a lower cost of installation 
in comparison to a 2-stroke engine. In contrast, a 2-stroke engine has a better thermal and engine 
efficiency, can burn low grade fuel oil (which significantly lowers fuel costs), provides higher power 
outputs and has a higher power to weight ratio. Additionally, 2-stroke engines are more reliable and 
require less frequent maintenance operations. Large stroke engines are operating at low speed (RPM) 
and do not require reduction gear or speed reduction arrangements. This is because propellers of 
modern ships are more efficient at an operating speed close to the revolution of slow speed diesel 
engines and thus a gearbox is not required. For these reasons, slow speed 2-stroke engines are usually 
preferred as main engines to provide propulsion to the larger vessels. 4-stroke engines are used for 
propulsion in either small vessels or simply act as auxiliary engines covering energy demands on-
board. 
3.3.2 Other types of marine engines 
In the past steamships were equipped with reciprocating steam engines the first of which were fuelled 
by wood later to be replaced by coal or fuel oil. Steam turbines were popular in the early 20th century 
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(fuelled by coal, fuel oil or nuclear power) but due to fuel costs these have been replaced by diesel 
engines. The notable exceptions are some specialist ships, for example, nuclear powered vessels and 
certain liquefied natural gas (LNG) carriers where the cargo can also be used as bunker fuel.  
In nuclear powered steam turbines the nuclear reactor heats water to create steam that drives the 
turbines. Nuclear propulsion is not common in commercial shipping, and has seen application mainly 
in military vessels, submarines, aircraft carriers and certain specialist vessels such as icebreakers. 
Nuclear energy will play a more prominent role in the near future due to environmental regulations 
that will limit the use of fossil fuel and the generation of pollutant emissions. There are barriers to be 
surpassed in terms of safety and security as well as reception of nuclear powered vessels in ports. 
However, some port-to-port cargo services could be realised as only two states would have to agree 
for the particular service (World Nuclear News, 2010). 
LNG carriers are tank ships designed to transport liquefied natural gas and have seen significant 
growth in numbers the last few years. The market for natural gas has experienced massive expansion 
over the last 50 years as it is considered as the premium fuel for electricity and heat generation. LNG 
has the advantage of significantly lower CO2 emissions generation in comparison to conventional fuel 
(Thomas and Dawe, 2003). Due to the nature of natural gas, it has to be transported under high 
pressure and low temperatures to increase the density and has to be transported immediately after 
production to its destination. Therefore, it can either be transported via pipelines, or it is liquefied 
through cooling to -162◦ C where as a result its volume is 1/600 of the volume in gaseous form at 
room temperature. The LNG carrier fleet has increased from 174 ships in service at the end of 2004 to 
a total of 400 vessels after less than 10 years (IGU, 2014). LNG vessels are equipped with dual-fuel 
steam turbine powered propulsion plants which burn either methane or oil. Frequently, these turbines 
burn boil-off gas from the LNG cargo in order to control the cargo tank pressure and keep it below 
maximum levels (ABS, 2014). There is a consideration to replace conventional steam turbines with 
either slow-speed Diesel engines or diesel-electric dual-fuel engines for LNG carriers. Technology 
advances allow fitting re-liquefaction plants in vessels and thus limiting the requirement for burning 
boil-off gas to maintain cargo pressure (Pil et al, 2008). 
3.4 Power requirements of ships 
Marine vessels require energy to sail and power the electricity demands on-board (mainly lighting, 
refrigerating, heating, communications). A trip can be decomposed into three main distinct phases; 
cruise, manoeuvring and in-port berth activity (Corbett, 2002). An additional anchorage hoteling 
activity may occur when the vessel is held near the port until a berth or pilot is available to process a 
ship’s arrival. Equation 3.4 presents the fuel consumption 𝐹𝐶𝑡𝑟𝑖𝑝 as a summation of the fuel 
consumption of each activity phase (cruise, manoeuvring, berth, anchorage) 
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𝐹𝐶𝑡𝑟𝑖𝑝 = 𝐹𝐶𝑐𝑟𝑢𝑖𝑠𝑒 + 𝐹𝐶𝑚𝑎𝑛𝑜𝑒𝑢𝑣𝑒𝑟𝑖𝑛𝑔 + 𝐹𝐶𝑏𝑒𝑟𝑡ℎ  + 𝐹𝐶𝑎𝑛𝑐ℎ𝑜𝑟𝑎𝑔𝑒                    (3.4) 
For each function, there are dedicated engines installed on board that operate to provide the required 
energy. In order to model the emissions generated during marine engine operation, it is necessary to 
understand the circumstances under which each engine is used. Generally, marine vessels use their 
main engines for propulsion, while there are auxiliary engines installed that cover the electric needs of 
the ship. Finally, there are auxiliary boilers installed that are used to keep the fuel warm whenever the 
main engines are switched off to prevent damage in the cylinders from a potential temperature drop. 
This concept can be illustrated by further breaking down equation 3.4 as 
𝐹𝐶𝑐𝑟𝑢𝑖𝑠𝑒 = 𝐹𝐶𝑚𝑎𝑖𝑛 + 𝐹𝐶𝑎𝑢𝑥,𝑐𝑟𝑢𝑖𝑠𝑒                                      (3.5) 
𝐹𝐶𝑚𝑎𝑛𝑜𝑒𝑢𝑣𝑒𝑟𝑖𝑛𝑔 = 𝐹𝐶𝑎𝑢𝑥,𝑚𝑎𝑛 + 𝐹𝐶𝑏𝑜𝑖𝑙𝑒𝑟𝑠,𝑚𝑎𝑛                                                                       (3.6) 
𝐹𝐶𝑏𝑒𝑟𝑡ℎ = 𝐹𝐶𝑎𝑢𝑥,𝑏𝑒𝑟𝑡ℎ + 𝐹𝐶𝑏𝑜𝑖𝑙𝑒𝑟𝑠,𝑏𝑒𝑟𝑡ℎ                                  (3.7) 
𝐹𝐶𝑎𝑛𝑐ℎ𝑜𝑟𝑎𝑔𝑒 = 𝐹𝐶𝑎𝑢𝑥,𝑎𝑛𝑐ℎ + 𝐹𝐶𝑏𝑜𝑖𝑙𝑒𝑟𝑠,𝑎𝑛𝑐ℎ                                        (3.8) 
Table 3.2: Typical containership specifications 
Class  Capacity
fsaasf  
(TEU) 
Design Sailing 
Speed VS  
(knots) 
Main Engine 
Power EPm  
(kW) 
Aux. Eng. 
Power EPa  
(kW) 
Boiler 
Power BP  
(kW) 
Engine 
Speed 
Very small feeder 500 15.0 4200 850 241 Medium 
Small feeder 1,000 17 5500 1200 325 Medium 
Feeder 2,000 20 9000 1800 474 Medium 
Feedermax 3,000 22 16000 3400 492 Medium 
Panamax 5,000 23 36000 7400 525 Slow 
Post-panamax 9,000 24 60000 12000 547 Slow 
New panamax 12,000 24.5 70000 14000 565 Slow 
Ultra Large Container 
Vessel 
18,000 25 81000 18000 
630 Slow 
Source: www.marinetraffic.com, POLA 2012 
3.4.1 Main engines 
The main engines are used to move the vessel and thus only operate while the ship is cruising and on 
rare occasions for brief berthing operations. The number and specification of engines installed depend 
on the type, size and purpose of vessel. Typical containership specifications are presented in Table 2. 
The highest proportion of the fuel consumption over a port to port journey is attributed to the main 
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engines. It should be noted that shaft generators driven by the main engine to provide electricity (in 
addition to auxiliary engines), would require additional fuel (Valkeejärrvi, 2006).   
3.4.1.1 Required nominal power2 
The nominal power installed (EPmain) depends on the size of the ship, the mass it is meant to transport 
and the sailing speed. The engine is selected to cover the propulsion demands considering cost 
elements (acquiring, operating and maintenance), reliability and adaptability to different operating 
patterns. The deadweight tonnage of a vessel is defined as a measure of how much weight a ship can 
safely carry. The EPA provides a rough estimate of the required nominal power (horsepower) as a 
function of deadweight tonnage (EPA, 2000) when the former is unknown. 
 
𝐸𝑃𝑚𝑎𝑖𝑛(𝐻𝑃) = 2581 + 0.719 ∗ 𝐷𝑤𝑡 (tons)                                 (3.9) 
 
 For a more accurate estimation understanding the resisting forces the ship has to overcome is 
necessary. Using data from hydrodynamic analysis and experimental methods, the propulsion 
resistance as a function of speed and sailing conditions (wind, waves) can be found and the propeller 
selection can take place. 
 A ship’s resistance is particularly influenced by its speed, displacement and hull form. According to 
Bernoulli’s law, a fluid with speed V and a density ρ acting on an area AS has a reference force 
 𝐾 =
1
2
∙ 𝜌 ∙ 𝑉2 ∙ 𝐴𝑆                  (3.10) 
This provides a basis to calculate the source resistances acting on the ship by means of a 
dimensionless resistance coefficients C. Thus the source resistance can be calculated as 
 𝑅 = 𝐶 ∙ 𝐾                  (3.11) 
The necessary resistance coefficients can be found through hydrodynamic analysis. This consists of 
using towing tank tests with scale models, developing Computational Fluid Dynamics (CFD) models 
to simulate the flow around the ship and quasi-experimental methods using results of experiments and 
calculations (MAN, 2006). The total resistance R consists of several resistance forces acting on the 
ship. These can be classified into three main groups: 
𝑅 = 𝑅𝐹 + 𝑅𝑅 + 𝑅𝐴                 (3.12) 
Where RF denotes frictional, RR residual and RA the air resistance.   
                                                          
2
 This section is heavily based on the Basic Principles of Ship Propulsion by MAN Diesel (2006) which 
provides a concise introduction to estimating engine power requirements for propulsion 
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Frictional resistance of the hull depends on the size of the hull’s wetted area AS and on the 
corresponding frictional resistance coefficient CF. The friction tends to increase with fouling of the 
hull (growth of algae, sea grass etc.) and for this reason ship owners usually invest in anti-fouling hull 
paints to prevent unwanted increase in RF and thus lead to reduced costs. The frictional resistance is 
also proportional to the square of the vessel’s speed, and is considered to represent a considerable part 
of the total ship’s resistance particularly for low-speed ships. 
Residual resistance RR comprises mainly wave and eddy-making resistance. Wave resistance is the 
result of the energy loss caused by waves created by the vessel during its propulsion while eddy 
resistance is attributed to the curvature of the hull and increases with abrupt changes of the hull as the 
water may be unable to follow the curvature and lead to flow separation and the formation of eddies. 
Wave resistance at low speeds is proportional to the square of speed, but at higher speeds it increases 
much faster. According to MAN, there will be a point at which higher propulsion power does not lead 
to higher speed as all the additional power is converted into wave energy. Another factor that tends to 
influence RR is the depth of the water, as in shallow waters the ship has a greater difficulty in moving 
aftwards. As a rule of thumb, when the seawater depth is more than 10 times the ship draught there is 
negligible influence in RR. The residual resistance is described by the specific residual resistance 
coefficient CR.  
Air resistance RA is in principle proportional to the cross-sectional area of the ship above the waterline 
and the square of the ship’s speed when sailing in calm weather. This area is defined by the above-
water part of the main hull and any superstructures (e.g. cargo, bridge, equipment). Normally RA 
represents around 2% of the total resistance, with the notable exception of containerships where due 
to the large cross-sectional area of the ship (due to containers on-board) the contribution of RA can 
reach up to 10%. Ra can be estimated by the following relationship 
𝑅𝐴 =
1
2
∙ 𝐶𝐴 ∙ 𝜌𝑎𝑖𝑟 ∙ 𝑉
2 ∙ 𝐴𝑎𝑖𝑟                 (3.13) 
Where ρair is the density of the air and Aair is the cross-sectional area of the vessel above the air and CA 
is the air resistance coefficient which varies for different ship types. It takes its larger values for 
containerships and the exact value depends on the TEU capacity of the vessel, ranging from a lowest 
value of 0.09 up to 0.18 (Kristensen and Lützen, 2012).  
Once the main resistances have been estimated, the necessary effective (towing) power PE to move 
the ship through the water at sailing speed Vs is given by: 
𝑃𝐸 = 𝑅 ∙ 𝑉𝑆                  (3.14) 
The towing power is linked to the thrust power which the propeller delivers to the water through the 
hull efficiency ηH as 
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𝑃𝑇 =
𝑃𝐸
𝜂𝐻
                  (3.15) 
The hull efficiency is influenced by the flow conditions around the propeller. As a vessel sails the 
friction of the hull creates a boundary layer of water around the hull where the velocity of the water 
on the surface of the hull is equal to the sailing speed. This velocity reduces with the distance from the 
surface of the hull and will be zero at a distance from the hull that is equal to the outer surface of the 
friction belt (MAN Diesel, 2006). This change in water velocity around the hull leads to wake waves 
which cause the propeller behind the hull to work through a wake field. As a result, the average 
velocity VA of water over the propeller’s disk area is lower than the ship’s sailing speed. The wake 
fraction coefficient w can be defined as 
𝑤 =
𝑉𝑆−𝑉𝐴
𝑉𝑆
                                                         (3.16) 
Its value depends on the shape of the hull, the location and size of the propeller as well as the number 
of propellers used. For large values of w the risk of propeller cavitation is increased. Cavitation 
defines the phenomenon where in areas of low pressure cavities (or bubbles) are formed; if these 
collapse while in contact with an object (in this case the propeller) they will create highly localized 
forces that will damage the object and also reduce speed. 
 The rotation of the propeller also forces water in front of it to be sucked back towards the propeller 
and thus providing an additional resistance T on the hull for the propeller to overcome. The thrust 
deduction coefficient t is defined as 
𝑡 =
𝑇−𝑅 
𝑇
                                                       (3.17) 
The value of t increases when w increases. In vessels carrying two propellers t tends to decrease as the 
phenomenon of the water inversion takes place farther from the hull. The coefficient of the hull 
efficiency can then be calculated as a function of w and t as follows: 
𝜂𝐻 =
1−𝑡
1−𝑤
                                        (3.18) 
The power delivered to the propeller PD is somewhat larger due to the open water propeller efficiency 
ηO which does not cover the presence of the hull in front of the propeller. The relative rotative 
efficiency ηR which accounts for the presence of the hull in front of the propeller is also increasing the 
value of PD.  Finally, the fact that water flowing towards the propeller is not always constant in 
magnitude or direction (i.e. not always at right angle) will also increase the necessary power. This 
relative rotative efficiency for ships carrying a single propeller often takes values larger than the unit 
which essentially means that it may have a beneficial effect and reduce the ship’s resistance. For ships 
carrying twin propellers it is slightly lesser than 1. 
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The final important component that adds resistance and increases the required engine power is the 
shaft efficiency ηS. This depends on the efficiency of transmission of power through the shaft bearings 
(alignment and lubrication are major influences), the reduction gear (if present) and it is typically 
around 0.99. Thus, if the power output of the engine is denoted as PS, it is linked with the towing 
power PE through the following equation: 
𝑃𝐸 = 𝑃𝑆 ∙ 𝜂𝐻 ∙ 𝜂𝑂 ∙ 𝑛𝑅 ∙ 𝑛𝑆                                       (3.19) 
The previous information along with the required operating patterns of the vessel allows the selection 
of the appropriate main engine power to be installed in the vessel.  Typical values of the previous 
coefficients and resistance types are summarised in Table 3.3. The next step is to select the engine that 
satisfies the propeller’s demands and allows the ship to sail at its nominal speed.  
Table 3.3: Various resistance types and their values in ship propulsion 
Type of resistance Low speed ship High speed 
ship 
Frictional (RF) 70-90% 40% 
Residual (RR) 8-25 40-60 
Air (RA) 2 10 
Coefficients Number of propellers 
One Two 
Wake fraction coefficient (w) 0.20-0.45  
Thrust deduction coefficient (t) 0.12-0.30 less 
Hull efficiency (ηH) 1.1-1.4 0.95-1.05 
Open water propeller efficiency (ηO) 0.35-0.75  
higher when w is high 
 
Relative rotative efficiency (ηR) 1.0-1.07 0.98 
Shaft efficiency (ηS) 0.96-0.995  
 
The maximum continuous rating (MCR) is the maximum output that the engine is capable of 
producing for continuous operation. Ships normally operate at the nominal continuous rating (NCR) 
which is around 85% of MCR when sailing at design speed (Cariou, 2011). The engine power 
produced is limited by application guidelines leaving a power reserve for unusual operating 
conditions. This means that sometimes the engine may operate at higher than 100% MCR. According 
to Caterpillar Marine, operating time at loads above these levels is limited to 8.3% of total operating 
hours (one hour in 12) in order to reduce the risk of damaging the engine (Caterpillar, 2010).  
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3.4.1.2 Fuel consumption during cruise 
Changes in sailing speed affect fuel consumption in many ways. The fuel consumption FCm,S,k of the 
propulsion/main engines (m) of ship k during sailing activity (S)  depends on the operating patterns of 
the vessel and the engine design. For a ship carrying nominal engine power EPm,k fuel consumption 
during sailing can be estimated by: 
𝐹𝐶𝑚,𝑆,𝑘 = 10
−3 ∙ 𝑆𝐹𝑂𝐶𝑚,𝑆,𝑘 ∙ 𝐸𝐿𝑚,𝑆,𝑘 ∙ 𝐸𝑃𝑚,𝑘 ∙ 𝑡𝑆,𝑘                                 (3.20) 
 
where SFOCm,S,k denotes the specific fuel oil consumption of the installed engine and is a function of 
the engine load ELm,S,k of the engine and tS,k describes the time of the sailing activity.  
The specific fuel oil consumption is a measure of the fuel efficiency of an engine with respect to 
thrust output. In the maritime sector SFOC is measured in mass of fuel burned per energy output and 
the most common unit is g/kWh. The SFOC of an engine varies at different loads of operation and is 
typically lowest at around 70-80% of MCR when the engine has not been derated. Often when slow 
steaming practices are used, the main engines may be derated in order to optimize the SFOC at the 
lower loads where the engines will run according to the market requirements. Typical SFOC curves of 
a few marine engines are shown in Figure 3-4. 
 
Figure 3-4: SFOC curves for different Engine Loads.  
Source: Zis et al. (2014) 
The engine load is a dimensionless measure (usually expressed in % terms) which indicates the 
continuous rating output of the engine in relation to the MCR. It is governed by the sailing speed Vs 
(knots) and the two are related by a power law and influenced by weather conditions (wind and 
waves). This is a consequence of the fluid resistance (hydrodynamic and aerodynamic) that the ship 
meets as it sails. This relationship is commonly known as the propeller law. As previously shown, the 
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resistance of a ship is roughly proportional to the square of the ship’s speed, and the power 
requirement is proportional to the speed. As a result, the power requirement can be assumed to be 
proportional to the cube of speed. This approximation has been used widely in research on the effects 
of slow steaming in global CO2 emissions from shipping as well as fuel costs (Psaraftis and Kontovas, 
2013; Cariou, 2011; Corbett et al., 2009). However, often a higher power n than three describes more 
accurately the relationship between required power and sailing speed.  
𝐸𝐿𝑚1
𝐸𝐿𝑚2
= (
𝑉𝑆1
𝑉𝑆2
)
𝑛
                 (3.21) 
This reflects back to the fact that for certain ship types at high speeds and/or different weather 
conditions the various efficiency coefficients change their value (for example loaded containerships 
change their displacement and also the cross-sectional area above the water that meets air resistance). 
Notable cases where a different exponent is more accurate than the cubic law, are shown in Table 3.4 
Table 3.4: Variations of the propeller law  
Ship Exponent 
n 
General (valid at low speeds) 
Low speed ships (tankers, bulk carriers) 
3 
3.2 
Medium-sized, medium-speed (feeder container ships, reefers) 3.5 
Large high-speed ships (containerships) 4 
Large Containerships (extreme weather) 4.5 
 Source: MAN Diesel (2006), Kyrtatos (2010) 
These variations allow a good preliminary estimation of fuel savings at different sailing speeds. 
However, when experimental data on a specific ship’s resistance (hull, propeller, shaft etc.) are 
available these should be preferred. 
The time of sailing activity during which a distance Z (NM) is covered with a sailing speed VS,k can be 
calculated as 
𝑡𝑆,𝑘 =
𝑍
𝑉𝑆,𝑘
                   (3.22) 
3.4.2 Auxiliary engines 
Large vessels equipped with powerful propulsion engines frequently come equipped with smaller 
auxiliary engines which are used to generate electric power on board to cover the various other energy 
demands on a ship. Unlike main engines which usually operate whenever a ship moves, auxiliary 
engines constantly operate in all phases of a journey, with the notable exception of certain vessels that 
P a g e  | 61 
 
switch the auxiliary engines off at berth and rely on shore power for their hoteling demands (see 
section 3.4.4). Typically the nominal power of an auxiliary engine is much smaller than that of a main 
engine. However, auxiliary engines operate at very different loads during the various activity phases 
of a trip. Auxiliary engines are less efficient in terms of SFOC (see Figure 4) and do not always 
operate at their most efficient load in contrast to main engines which usually operate near their 
optimal load. 
3.4.2.1 Fuel consumption during cruise 
During cruise the electric requirements of the vessel are covered by the auxiliary engines which 
operate at different loads depending on the ship type (size and function), cargo on-board (for example 
containerships carrying many reefer containers), weather (temperature) and time conditions (night vs. 
day). Auxiliary generators are high speed engines with a comparatively high SFOCa ranging between 
220 and 230 g/kWh (see Figure 3-4). The fuel consumption FCa,S,k (kg) of the auxiliary engines 
during sailing mode S is calculated by 
 𝐹𝐶𝑎,𝑆,𝑘 = 10
−3 ∙ 𝑆𝐹𝑂𝐶𝑎,𝑆,𝑘 ∙ 𝐸𝐿𝑎,𝑆,𝑘 ∙ 𝐸𝑃𝑎,𝑘 ∙ 𝑡𝑆,𝑘                     (3.23) 
Where SFOCa,S,k (g/kWh) is the SFOC of the auxiliary engines (a) operating during sailing (S), ELa,S,k 
(%) is the corresponding engine load, and EPa,k (kW) is the installed auxiliary power, all for vessel k. 
SFOCa,S,k and ELa,S,k are independent of VS,k and depend instead on the ship systems and operating 
procedures. 
Corbett et al. (2009) assume an average load factor of 0.5 when analysing the effects of speed 
reduction in international shipping and thus account for fuel consumption due to the aux. engines. It 
should be noted that while sailing speed does not normally affect the loads at which the auxiliary 
engines run, a lower speed would have an impact on the journey time and thus the fuel consumed 
specifically by the auxiliary engines. A lower sailing speed would decrease the overall fuel 
consumption of a journey due to the main engine’s fuel consumption reduction. However, the costs of 
additional fuel consumption through the auxiliary engines should not be neglected, particularly when 
regulated high price fuel has to be used. 
3.4.2.2 Reduced Speed zones 
The EPA considers an additional mode of operation for merchant vessels; the reduced speed zone 
(RSZ) activity. This zone precedes the manoeuvring activity for the vessel as it approaches the port 
and its length as well as the recommended speed varies among different ports. The EPA created a 
summary of these parameters after a survey as well as the estimated annual emissions from RSZ 
activity for the major US ports. The recommended speed varies from 3 to 13 knots and the distance 
can be as little as 2.0 up to 144 NM (EPA, 2002). The same methodology for fuel consumption 
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estimations can be applied as in the cruising mode as long as the lower engine loads are considered 
through the propeller law. 
 
3.4.2.3 Fuel consumption during manoeuvring 
The manoeuvring activity phase (M) begins at the point where the vessel comes under pilot to enter 
the port with the assistance of tugboats to reach the indicated berth. Typically, when this occurs the 
main engines are switched off and the auxiliary generators work at higher loads. The loads are 
increased during this phase to provide redundancy and the fuel consumption of the aux. engines can 
be calculated through: 
𝐹𝐶𝑎,𝑀,𝑘 = 10
−3 ∙ 𝑆𝐹𝑂𝐶𝑎,𝑀,𝑘 ∙ 𝐸𝐿𝑎,𝑀,𝑘 ∙ 𝐸𝑃𝑎,𝑘 ∙ 𝑡𝑀,𝑘                (3.24) 
Where SFOCa,M,k (g/kWh) is the SFOC of the auxiliary generators (a), ELa,M,k (%) is the engine load 
during manoeuvring phase (M) and EPa,k (kW) the auxiliary engine power installed. ELa,M,k  may vary 
significantly amongst different ships (k) and ports according to operating policies. The term tM,k 
(hours) denotes the duration of the manoeuvring phase. The EPA assumes after interviewing Harbor 
pilots that the speed during manoeuvring is 4 knots with engine loads of 3% under the assumption that 
main engines are still operating. Tzannatos (2010) notes the importance of seasonal variation in 
auxiliary engine loads for cruise and coastal passenger ships with higher requirements during the 
summer months (0.60 vs. 0.40 at berth and 0.75 vs. 0.60 during manoeuvring). 
3.4.2.4 Fuel consumption during anchorage 
This phase (A) occurs whenever the vessel is stationary at anchorage (for example when a berth is not 
available, upon queuing near a canal etc.). It is expected that the auxiliary engine loads are similar to 
the sailing phase of the journey. The fuel consumption can be estimated by: 
𝐹𝐶𝑎,𝐴,𝑘 = 10
−3 ∙ 𝑆𝐹𝑂𝐶𝑎,𝐴,𝑘 ∙ 𝐸𝐿𝑎,𝐴,𝑘 ∙ 𝐸𝑃𝑎,𝑘 ∙ 𝑡𝐴,𝑘                (3.25) 
3.4.2.5 Fuel consumption during berth 
Once in port, the power requirement of berth activity (B) varies for different ports, ships and auxiliary 
engines installed. Fuel consumption at berth is mainly influenced by the berth duration which depends 
on ship type, port efficiency, cargo transported (for bulk, Ro-Ro and container ships) or journey plan 
(arrival departure times for cruise ships).  The fuel consumption is estimated through  
𝐹𝐶𝑎,𝐵,𝑘 = 10
−3 ∙ 𝑆𝐹𝑂𝐶𝑎,𝐵,𝑘 ∙ 𝐸𝐿𝑎,𝐵,𝑘 ∙ 𝐸𝑃𝑎,𝑘 ∙ 𝑡𝐵,𝑘                 (3.26) 
The engine load varies significantly for different scenarios. Psaraftis and Kontovas (2009) assume an 
average load factor of 0.23 across all ships examined in their work, whereas in other publications 
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often specific load factors up to 0.63 are used for some reefer containerships (Khersonsky et al., 
2007). 
3.4.2.6 Variability in auxiliary engine loads 
As seen in the previous paragraphs, the auxiliary engines work under different loads depending on the 
various conditions that the ship is in. There have been many attempts in the literature to use average 
loads, particularly when the objective of the research is policy oriented or when fuel consumption data 
is aggregated over long periods to construct emissions inventories. Alternative approaches have tried 
to link these average factors with the ship’s size and type considering higher loads for cruise ships and 
also container vessels carrying reefer containers. In Table 3.5, energy demands for the auxiliary 
engines of various ship types are summarised based on the POLA emissions inventory report which 
presents highest energy demands for cruise ships and containerships. 
Table 3.5: Energy requirements of auxiliary engines in different activity modes  
Vessel Type 
Energy Demand per Activity (kW) 
Sea Manoeuvring Berth Anchorage 
Auto Carrier 503 1508 838 50 
Bulk 255 675 150 255 
Cruise 5104 8166 5104 5104 
General Cargo 516 1439 722 516 
Reefer 513 1540 890 513 
Tanker     
Aframax 806 1109 874 806 
Chemical 677 931 734 677 
Handysize 441 607 478 441 
Panamax 574 789 622 574 
Containership  
(TEU size) 
    
1000 396 942 297 396 
2000 981 2180 1035 981 
3000 602 2063 516 602 
4000 1434 2526 1161 1434 
5000 1176 4200 1008 1176 
6000 1425 2178 986 1425 
7000 1539 3434 1066 1539 
8000 1416 3158 980 1416 
9000 1502 3350 1040 1502 
11000 2000 4000 1500 2000 
Source: Port of Los Angeles environmental report (POLA, 2012) 
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3.4.3 Auxiliary boilers 
Additional to the auxiliary engines that generate electricity for on-board use, most ocean going vessels 
are equipped with one or more boilers used for heating fuel and producing hot water (POLA, 2012). 
The ship’s auxiliary boilers are used to maintain the temperature of main engines and fuel when the 
main engines are not working; typically during berth hoteling, manoeuvring and during long 
anchorage hoteling phases. Cooper (2003) suggests that the boilers are also working when the main 
engines are set at idling during the warm up period just prior to departure. In relevant literature, the 
fuel demands of auxiliary boilers are acknowledged but not considered in calculations explicitly 
(Psaraftis and Kontovas, 2013; Cariou, 2011). Cooper (2003) estimates the Boilers’ emissions as a 
percentage of the auxiliary engines emissions, while Agrawal et al. (2008) report emissions 
measurements for a Suezmax class tanker that includes the boilers’ activity. The boilers’ fuel demands 
are only estimated in comprehensive emissions inventories of some ports. For a more accurate 
estimation of a ship’s fuel demand for a full journey as well as for the construction of a precise port 
environmental footprint inventory it is necessary to include the boilers’ contribution.  POLA provides 
values in kW for typical boiler loads during the activities when the boilers are working. POLA 
considers that regardless of activity (manoeuvring, berth or anchorage hoteling) the demands are the 
same with the notable exception of tankers where berth hoteling heating demands are tenfold higher 
than the other activities. The demands were found through surveys for the Port Vessel Boarding 
Program (VBP), and thus represent energy demands of vessels calling in POLA. 
Table 3.6: Energy requirements of auxiliary boilers (manoeuvring berth or anchorage hoteling)  
Vessel  Type Energy Demand (kW) 
Auto Carrier 253 
Bulk 132 
Cruise 1393 
General Cargo 137 
Reefer 255 
Tanker 371 
Tanker at Berth 3000 
Containership  (TEU size)  
1000 241 
2000 325 
3000 474 
4000 492 
5000 530 
6000 565 
7000 551 
8000 525 
9000 547 
11000 600 
Source: Port of Los Angeles environmental report (POLA, 2012) 
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3.5 Emissions modelling 
The previous sections of this chapter discussed the energy requirements for the various activities of 
ships and the respective fuel demands. Fuel consumption depends on the fuel efficiency of the 
machinery on-board or the grid energy requirements in case of Alternative Maritime Power (AMP) 
provision. The amount of energy required for each activity is tightly linked to the emission generation 
of the various pollutants that are of concern. In this section, the most common methodologies found in 
the literature are presented and the relevant emission factors used are discussed. 
Emission factors are used to link the amount of pollutant emissions released to the atmosphere with 
the amount of material (or fuel) processed during the activity that led to the emissions. Emission 
factors are used when actual emission data are not available (e.g. through measurement and 
monitoring) and in most cases these are based on averages of available data on emissions generation 
per activity of acceptable quality (appropriateness of measurements and monitoring of emissions). 
Fuel emission factors are usually unitless and defined in terms of weight of pollutant divided by the 
weight of the fuel that generated the pollutants. The emissions εi(kg) of pollutant species i can be 
calculated by multiplying fuel consumption FCe,k of engine e on-board vessel k with the emission 
factor EF
i
: 
𝜀𝐴
𝑖 = 𝐹𝐶𝑒,𝑘 ∙ 𝐸𝐹𝑒,𝑘
𝑖                   (3.27) 
Emission factors can also be expressed as mass of pollutant per energy generated (in kWh) during an 
activity. General emission factors are available; however, due to variations in the conditions of the 
combustion activity (e.g. temperatures, types of fuel, weather, and regulations in place) it is preferable 
to use local emission factors. 
3.5.1 The Entec and EPA maritime emission models 
The most commonly used marine emission factors have been developed through a study of Lloyds 
Register Engineering Services during 1990-1995.  During this period data on board 50 representative 
sea vessels were collected and were used to produce 5 reports and a summary of the findings (Lloyds 
Register Engineering Services, 1999). The suggested values for the most common pollutants are 
shown in Table 3.7. 
Table 3.7: Emission Factors (kg/ton of fuel) from Lloyds Register Engineering Services study 
NOx  
(slow speed) 
NOx  
(medium speed) 
CO HC CO2 SO2 PM Fuel 
Oil 
PM Gas 
Oil 
87 57 7.4 2.4 3170 20*S% 7.6 1.2 
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Trozzi and Vaccaro (1998) collected the fuel consumption and emission factors information available 
at the time and proposed two activity-based methodologies (simplified and detailed). Their models 
estimate NOx, SOx, CO, VOC, PM and CO2 emissions from ships depending on the operating pattern, 
activity phase and fuel used. Their suggested emission factors are appropriate to use for constructing 
comprehensive emission inventories. One of the few weaknesses in their models is the fact that some 
of the technical specifications are no longer up to date as technology has improved (lower SFOC) and 
operational practice has changed (slower speeds). However, in the majority of ship emissions related 
studies very similar emission factors are used. 
Building on the work from Lloyds, the European Commission is using a bottom up model developed 
by Entec UK which allows estimation for NOx, SO2, CO2, HC and PM emissions (European 
Commission, 2002). The emission factors used (presented in g/kWh) are based on the Lloyds study, 
and the main assumption made is that the engine loads experienced by main and auxiliary machinery 
at the different phases of operation (Cruise, manoeuvring and berth). Information regarding port calls 
and berth times was derived from questionnaires sent to over 100 port operators (even though only 10 
replied). 
The EPA has also set emission calculation standards (again in units of work – mass of pollutant per 
kWh) which were based on data from the Lloyds Marine Exhaust Emissions Research Program and 
are of the form 
𝐸 (
𝑔
𝑘𝑊ℎ
) = 𝑎 ∙ 𝐸𝐿−𝑥 + 𝑏                   (3.28) 
Where 𝑎, b and x are unitless coefficients and EL is the fractional load (%) of the maximum 
continuous rating used during operation (derived by the propeller law) as summarised in Table 3.8. 
Table 3.8: EPA model coefficients a,b,x for equation 3.28 
Pollutant x b α 
PM 1.5 0.2551 0.0059 
NOx 1.5 10.4496 0.1255 
N2O 1.5 15.5247 0.18865 
SO2 n/a
1 
n/s
1 
2.3735 
CO 1 n/s 0.8378 
HC 1.5 n/s 0.0667 
CO2 1 648.6 44.1 
1 
n/a: not applicable, n/s: not significant 
 
The EPA suggests that load correction factors should be used for operation at very low loads 
A comparison of the two methodologies was performed by Dolphin and Melcer (2008) concluding 
that the results are fairly consistent. However, the EPA methodology does not accurately capture 
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differences in engine size, type (two-stroke or four-stroke) or fuel type with the exception of SO2 
which is purely fuel-defined. 
Comparing the two main methodologies, firstly the EPA model seems more refined as the results are 
directly influenced by the engine load. However, the EPA model is not concerned with the SFOC of 
the engine and thus it assumes a linear relationship between nominal engine output (kWh) and 
emissions. In contrast, the Entec model does not assume a linear relationship between nominal engine 
power and emissions as it is based on multiplying actual fuel consumption with appropriate emission 
factors. Therefore, it is more accurate as it allows taking the changes in SFOC into account. 
For illustration purposes a comparison on the expected emissions of 3 typical containerships (feeder, 
panamax and ultra large container vessel –ULCV) for 4 pollutants (CO2, SO2, NOx, PM) is performed 
in this section. In the first comparison during sailing, the assumption is that all ships sail at nominal 
speed, have an engine load at 85% and operate on HFO with 1.5% sulphur content. The emissions 
generation of their main engines is shown in Table 3.9. 
Table 3.9: Comparison of Entec and EPA model for main engines emissions during cruise 
 Feeder Panamax ULCV 
TEU 2000 8000 15000 
Main Engine (kW) 8400 (4-stroke) 45000 (2-stroke) 82000 (2-stroke) 
SFOC at 85% MCR 
(g/kWh) 
195 180 165 
Nominal Speed 
(knots) 
16 20 24 
Pollutant (kg/h) EPA Entec EPA Entec EPA Entec 
CO2 4634.7 4413.6 24828.8 21825.4 45243.6 36456.6 
SO2 49.6 41.8 245.1 206.6 409.4 345.0 
NOx 74.6 79.4 399.7 599.0 728.4 1000.5 
PM 1.8 10.6 9.8 52.3 17.8 87.4 
 
The results of the two methodologies are relatively similar for CO2 and SO2. This is expected as both 
CO2 and SO2 emissions are directly dependent on the fuel consumption. The small difference can be 
attributed to the different SFOC assumed in the EPA model (as it is not a direct input to the 
calculation). It is evident that the role of the type of engine is not reflected in the NOx emissions 
through the EPA model as the comparison between the three vessels shows a linear relationship 
between nominal power and NOx emissions, while the Entec model predicts significantly higher NOx 
emissions for the two larger ships which are assumed to operate with large slow-speed 2-stroke 
engines. Finally, the PM emissions of the Entec model are far higher as Dolphin and Melcer also 
found for HC in their study. They attributed this to a potential underestimation of the EPA model as 
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the Entec model is based on the Lloyds dataset. The actual measured data from Lloyds may 
overestimate emissions for mid and high speed engines, which could be significant for auxiliary 
engines and boilers in particular. 
Table 3.10 compares the emissions generated at berth from the auxiliary engines assuming engine 
load of 30% and operation burning MDO with 0.1% sulphur content. 
Table 3.10: Comparison of Entec and EPA model for auxiliary engines emissions at berth 
 Feeder Panamax ULCV 
TEU 2000 8000 15000 
Auxiliary Engine 
(kW) 
1800 (4-stroke) 12000 (4-stroke) 22000 (4-stroke) 
SFOC at 30% MCR 
(g/kWh) 
235 220 215 
Pollutant (kg/h) EPA Entec EPA Entec EPA Entec 
CO2 993.2 1139.8 6621.0 7113.5 12138.5 12745.0 
SO2 0.9 0.7 5.3 4.5 9.5 8.0 
NOx 16.0 20.5 106.6 127.9 195.4 229.2 
PM 0.4 2.7 2.6 17.1 4.8 30.6 
 
The results show that emissions under the Entec model are higher apart from SO2 emissions which are 
very similar. This can be attributed to the higher fuel consumption as the SFOC is directly taken into 
account, and traditionally auxiliary engines have higher SFOC than main engines. The EPA model is 
not differentiating between main and auxiliary engines and thus is probably underestimating the fuel 
consumption of aux. engines. Dolphin and Melcer compare the two models for the auxiliary engines 
assuming load factors of 1 (thus the engines are operating at full power all the time). This is not 
realistic and moreover does not capture well the capability of the models to incorporate low load 
operation.   
3.5.2 Low Engine load and Fuel Correction Factors 
A weakness of both models is that at very low load operation (below 0.2) they are not capturing 
accurately fuel consumption and emissions generation. In addition, with the exception of SO2 the role 
of different fuel type is not accounted in the results. 
More specifically, the common value of 3.17 is used for all ships and combustion sources by 
assuming full combustion. The carbon fraction of the fuel (typically 86.4%) is multiplied by the 
relative masses 44/12 (44 for CO2 and 12 for C) to convert carbon to CO2. Psaraftis and Kontovas 
(2013) argue that when better fuel information is available the emission factors used should be 3.021 
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for HFO, 3.082 for MDO while for LNG used as fuel the emission factor should range between 2.6 
and 2.8. These values were taken from the second IMO GHG study (Buhaug et al., 2009). 
The type of fuel was shown to have a significant effect on the sulphur dioxide emissions generated 
from ships as the emissions are proportional to the sulphur content in the fuel (under the assumption 
that all the sulphur present during  fuel combustion is oxidised). However there are other pollutants 
that are also affected by the fuel used and it has been suggested that fuel correction factors should be 
used when estimating emissions generated from fuel combustion. This is particularly important for 
studies on effects of shipping pollutant emissions on human health (e.g. PM, BC, HC etc.) and in the 
estimation of the social cost of port operations. It is thus recommended that these correction factors 
are applied subject to data availability on engine load operation near-port and used fuel information.  
The most commonly used fuel types are heavy fuel oil (HFO), marine diesel oil (MDO), marine gas 
oil (MGO) and Liquefied Natural Gas (LNG). HFO can be further classified into HFO 180 or HFO 
380 where the number indicates the maximum viscosity (a measure the oil’s resistance to 
deformation) in Centistokes. MDO is an intermediate type of oil, a blend of heavy gasoil of low 
viscosity and distillate oil which does not require heating for use in internal combustion engines. 
MGO is a 100% distillate fuel oil (boiled into gas form and then condensed into a liquid). MGO and 
MDO can be further classified by the sulphur content into low sulphur (less than 1.0%) and ultra-low 
sulphur (less than 0.1%). The EPA illustrated the correlation of sulphur content (for residual and 
distillate oil) and particulate emission rates (1992) and provided a best-fit estimate of the relationship 
as seen in Figure 3-5. 
 
Figure 3-5: Effect of sulphur content on particulate matter emission rates. 
Source: EPA (1992) 
The air emissions inventory of the POLA provides information on fuel correction factors for fuels 
with different sulphur contents for pollutants based on the CARB Marine Emission Model. Table 
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3.11summarises these factors using residual fuel of 2.7% content as the base for the calculations 
(assuming this fuel was used for the EPA emission factors earlier). 
Table 3.11: Fuel correction factors (adapted from POLA 2012, POLA 2011) 
Fuel 
Used 
Sulphur content 
by weight (%) 
PM NOx SOx CO HC CO2 N2O CH4 
HFO 
(Base) 
2.7 1 1 1 1 1 1 1 1 
HFO 1.5 0.82 1 0.555 1 1 1 1 1 
HFO 1 0.73 1 0.370 1 1 1 1 1 
MDO 1.5 0.82 0.9 0.555 1 1 1 0.90 1 
MGO 0.9 0.34 0.94 0.333 1 1 0.95 0.94 1 
MGO 0.75 0.31 0.94 0.278 1 1 0.95 0.94 1 
MGO 0.5 0.25 0.94 0.185 1 1 0.95 0.94 1 
MGO 0.1 0.17 0.94 0.037 1 1 1 0.94 1 
 
For low load operation, the models do not accurately capture the actual emissions generated. The 
Entec model provides emission factors based on fuel consumption. However, at very low loads the 
combustion is not efficient and emissions generation increases (per kWh) particularly for PM 
emissions while NOx emissions could be decreased due to the lower temperatures in the cylinders. 
Using the Entec model in conjunction with the propeller law at very low sailing speeds would 
underestimate emissions as the increased SFOC at very low loads would not be considered. For 
example, assuming the ULCV of Table 7 would cruise at 12 knots in a speed reduced zone, and using 
the propeller law with an exponent of 3 (due to the low sailing speeds) the new EL would be 9.4%; 
i.e. 
𝐸𝐿2 = 𝐸𝐿1 (
𝑉1
𝑉2
)
3
= 0.85 (
12
25
)
3
= 0.094 
Assuming the ULCV carries main engines with the SFOC curve of Figure 3-4, the SFOC would 
change from 165 to 180g/kWh.  Consequently, studies that do not consider the SFOC variation at 
different loads tend to overestimate the benefits of operational slow steaming for a vessel. 
Through the EPA model, emission rates are given in g of pollutant per kWh of energy output. 
However, the EPA acknowledges that the low-load can increase the emission rates.  The Energy and 
Environmental Analysis Inc. (EEAI) revised the EPA methodology to consider low-load effects (from 
2 to 20% of EL) in emission rates through the following equation: 
𝑦 = 𝑎(𝐸𝐿)−𝑥 + 𝑏                 (3.29) 
EL is derived from the propeller law, x, a and b are unitless coefficients with values summarised in 
Table 3.12. 
P a g e  | 71 
 
Table 3.12: Low-load emission factor regression equation variables (adapted from EPA, 2002) 
Pollutant x b α 
PM 1.5 0.2551 0.0059 
NOx 1.5 10.4496 0.1255 
CO 1 0.1458 0.8378 
HC 1.5
 
0.3859
 
0.0667 
 
Comparing the values with the respective coefficients of Table 3.8, it is evident that for PM and NOx 
the factors are not corrected for low-loads, whereas for HC and CO the only difference is that b no 
longer holds an insignificant value and thus the emission factor would be increased by the same 
amount for all loads lower than 20%. Despite the refinement in the model, it is clear that using the 
EPA model for low load operations would be based on unrealistic assumptions in the attempt to 
estimate emissions.  
Therefore, it is critical that all the available information is used when ship emissions are modelled. 
Both the EPA and Entec models have been the basis for a series of studies reviewed in the next 
section. However, both models have weaknesses and their accuracy could be improved through a set 
of actions and considerations of available data which are not currently taken into account. This 
information includes fuel type used, SFOC curves of engines on-board, ship type and weather 
conditions (particularly when the propeller law is used) and emission factor corrections at different 
modes of operation. The next section presents a literature review of relevant research on maritime 
transport and its emissions. 
3.6 Activity based methodologies and port emissions 
inventories 
Many studies in the literature have dealt with emissions modelling of ships with the objective to 
create ship emissions inventories and explore the repercussions of different policies, operational 
practices and oil prices. Typically activity based methodologies are used when dealing with emissions 
of a fleet, a trade route or a particular port. Due to the large number of vessels involved, activity based 
methodologies offer a satisfactory level of accuracy for the emissions generation taking place within 
the context of said problem. There are two main approaches for activity based methodologies; bottom-
up and top-down. Deciding which strategy to use in order to model or estimate the emissions 
generation of a given area, route or fleet depends on the available data. Often intermediate approaches 
between the two types are followed. With both approaches it is critical to use accurate emission 
factors (fuel type and engine load corrected) to multiply with the activity levels in order to attain the 
emissions generation of the problem’s instance. 
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An emissions inventory is a database that accounts for the amount of pollutants discharged into the 
atmosphere. Typically, emissions inventories provide information for one or more specific species 
(climate change agents or air pollutants) originating from all source categories in a defined 
geographical area and within a specified time period. Emissions inventories may be useful to policy 
makers to track progress towards emission reduction targets and improve pollutant reducing policies. 
For example, annual emission inventories are submitted to the United Nations Economic Commission 
for Europe (UNECE) for air pollutants (van der Gon et al., 2007) and national emission inventories to 
the UNFCCC to benchmark reductions in GHG (Peters, 2008). 
According to the EPA, developing a complete emissions inventory is a crucial step to improve air 
quality management. Updating the emissions inventory would allow the determination of the most 
significant sources of pollution and the identification of emission trends over time. Ideally actual 
emissions may be measured through continuous monitoring but when such capability is not present, 
known activity levels combined with appropriate emission factors may be used (EPA, n.d).  
Global emissions inventories for maritime transport have been the subject of significant research 
efforts to date. Some studies model the emission generation of a specific or more pollutants for the 
world fleet in international transport. Other studies consider only ocean-going vessels, while other 
papers simply include the contribution of maritime transport to a country’s national emission 
inventory. This section reviews the literature to identify the potential for improvement in the 
methodologies used.  Table 3.13 provides a summary of the emission factors used in some notable 
studies, the pollutant species examined, and the methodology used. The next subsections will review 
these, and other relevant studies in the field. 
3.6.1 Bottom-up  
A bottom-up approach is based on piecing together the contribution of each individual vessel (or even 
engine of a particular vessel) to add up to the total activity of the fleet examined. In order to construct 
a bottom-up emissions inventory it is necessary to know the technical specifications of all included 
vessels (engine power, hull efficiency) and operating details (sailing speed during cruise, 
manoeuvring profile, and hours spent stationary or at berth). Therefore, knowledge of the operating 
pattern as well as the cargo transported (which may also affect the required engine power due to the 
different hydrodynamic and aerodynamic resistances) for each vessel is required to estimate the fuel 
consumption and the resulting emissions of the fleet under examination. 
3.6.2 Top down 
The presence of top-down approaches in the literature of emissions modelling of maritime transport is 
not as significant as with bottom-up. There have been studies where emissions have been modelled 
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based on fuel consumption statistics. Under the assumption that the fuel ‘sold’ has been consumed 
under typical conditions it is possible to construct inventories of anthropogenic emissions in a given 
area by multiplying with average emission rates (kg of pollutant per ton of fuel used). The use of 
emission rates while reasonable is less accurate than using activity data based on speed variations 
across journeys.  
Inventories from top-down studies can be on a local, national or global level and concern a given time 
span (hour, day, month, annual or more). In many countries emissions from sea-going vessels is based 
on bunker fuels allocated to the country (Schrooten et al., 2009). Corbett and Koehler (2003) note that 
while fuel statistics are available, assigning fuel consumption is difficult in terms of validating results 
for poorly documented sources. Peters et al. (2009) acknowledge the difficulty in allocating 
responsibility for emissions from international transport particularly for the case of maritime shipping. 
They provide an example where the Netherlands in 2006 were attributed 56Mt of CO2 from shipping 
while the Dutch operated ships only emitted 4 Mt. At the same time these ships could buy fuel in any 
country they are calling at and thus adding to that country’s emissions inventory.  
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Table 3.13: Summary table of Emissions Factors used in the literature 
   Emission Factors of Pollutants 
Study Methodology Scope CO2 CO NOx SO2 PM VOC BC 
Trozzi and Vaccaro (1998) 
Bottom-up 
(BU) 
Review of emission 
factors 
3110-3250 
Propose 3200 kg/ton 
of fuel 
0.5-540 
kg/ton  
8-88.5 kg/ton of fuel. Propose 57, 
70, and 87 for medium , high and 
slow speed engines respectively 
20* sulphur content of 
oil fuel kg/ton of fuel 
 
1.1-2.50 
kg/ton of fuel 
0.085-3 
kg/ton 
of fuel,  
Not examined 
(NE) 
Corbett et al. (1999) 
Top-down 
(TD) 
Global NOx and SO2. 
No activity or engine 
breakdown 
NE NE 
57 for medium speed and 87 for 
slow speed engines 
20*S content NE NE NE 
Corbett and Fischbeck (2000) 
BU US coastal and inland 
emissions 
As in Lloyd’s Register Engineering Services NE 
Michaelowa and Krause (2000) 
Comparative 
between 
transport 
modes 
Impacts of shipping on 
global climate 
Not explicitly examined. Comparison of CO2 emission rates (7.7-31 g/tkm) with other modes. 
Endresen et al. (2003) 
TD fuel 
sales, BU 
ship activity 
Global CO2,CO, SO2, 
NOx, PM and VOC 3170 7.4 
57 for medium speed and 87 for 
slow speed engines 
54 for 2.7% S content 
 10 for 0.5% S content 
7.6 slow speed, 1.2 
medium speed 
2.4 NE 
Corbett and Koehler (2003) 
BU Updating emission 
factors from ocean 
shipping 
Main:655 g/kWh 
Auxiliary:696g/kWh  
NE 
Main:17g/kWh 
Auxiliary:13.7g/kWh 
Fuel dependent 
Main:10g/kWh 
engines, 
Auxiliary:4.6g/kWh  
assuming 2.5% sulphur  
Main:1.25g/kWh 
Auxiliary:0.8  
NE NE 
Endresen et al. (2005) BU Global SO2  NE NE NE 20*S content NE NE 
Georgakaki et al. (2005) 
BU Cruising SOx, NOx 
EU15 shipping traffic  
NE NE As in Lloyd’s Register Engineering Services NE NE  
Wang et al. (2007a) 
BU CO2,CO, SO2, NOx, 
PM,VOC in N.America 
       
Wang et al. (2007b) 
TD with BU 
elements 
Global SO2 and NOx 
NE NE 
taken as an input from previous 
study 
taken as an input from 
previous study 
NE NE NE 
Endresen et al. (2007) 
TD with BU 
elements 
Emissions Historical 
reconstruction  
3.17 tons per ton fuel, 
2.58 per ton coal 
NE NE 
20*S content.  
 
NE NE NE 
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3.6.3 Emissions inventory studies 
This section will review relevant studies that constructed emissions inventories for either the global 
fleet, or a smaller scale region. These studies have either used a top-down, bottom-up, or combination 
thereof as their methodology (see Table 3.13). The main findings, conclusions and limitations of the 
studies will be presented. 
3.6.3.1 Global and large regions emissions inventories 
Corbett et al. (1999) used a top-down approach based on fuel data to construct geographically 
resolved inventories for SO2 and NOx emissions for the year 1993. In their study they stressed the 
importance of variance in emission rates (as reported by Lloyd’s Register) and performed a Monte 
Carlo simulation for the sulphur fuel content to address this uncertainty. The study accounts for 
commercial vessels size of 100 gross registered tons (GRT) and above but does not differentiate 
between emissions from auxiliary and main engines. Additionally, there is no breakdown between 
emissions at different stages of operation (cruise, anchorage, manoeuvring or berth).  
Corbett and Fischbeck (2000) constructed an emissions inventory for marine vessels operating in US 
continental waters within 200 miles of the shore and inland waterways. PM, HC, CO, NOx and SOx 
emissions were estimated based on average fuel-based emission factors and ton-miles data for cargo 
movements in 1993. The authors acknowledge that due to lack of data regarding fuel sulphur content 
detailed calculations was not possible. Instead they assumed 0.5% content for inland river vessels and 
3% for coastal vessels. Concentration of the emissions along the waterways and the ports of call is 
found to be equivalent to between 30 and 76 thousand automobiles per mile per day. 
Michaelowa and Krause (2000) compared emission rates of different transport modes and suggest that 
a further switch towards maritime transport to lower GHG and other pollutant emissions. They 
consider engines of non-moving ships as the greatest source of pollution in ports, and estimate that in 
1995 in the city of Hamburg the overall contribution of ships were 10% of the transport sector and 
1.5% of the total emissions. They conclude that the most efficient way of reducing ship emissions at a 
port or at the whole journey is by through economic measures (tax collection, emissions trading or 
incentives for clean practice). They consider SO2 and NOx emissions as most important environmental 
issue of the sector, at a time where little action was taken from the IMO or other authorities. They 
propose port fees differentiation according to emissions intensity on a local level. 
 Endresen et al. (2003) use a combination of top-down and a bottom-up approach for all vessels of 
100 GRT and above to develop global emission inventories for NOx, SO2, CO, CO2 and volatile 
organic compounds (VOC), but do not consider PM or BC emissions. Normal cruising is assumed for 
the whole fleet, with an assumed average engine load of 70%, lower than the usual 85% at which 
most ships are sailing. Fuel consumption during port operations (including manoeuvring) is not 
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accounted for in their study. While they consider the contribution of auxiliary engines, they do so with 
a crude assumption that this is within an order of 10% of the main engines fuel consumption. The 
uncertainty of the study’s assumptions is acknowledged by the authors, who provide ranges for their 
result values.  
Corbett and Koehler (2003) suggested updating emission factors from ocean shipping by obtaining 
engine power and applying vessel activity data to compute fuel consumption. They include all vessels 
from the ship registry data of Lloyd’s (for the year 202) for ocean-going vessels greater than 100GRT 
including military vessels. Power based emission factors were presented in the form of grams of 
pollutant per kWh of engine output, and thus incorporated the SFOC of each engine in the calculation 
of the emissions generation. This was one of the first studies that suggested using different emission 
factors at varying loads (and engine types). The authors argued that power based emission factors are 
more accurate than fuel based ones. 
Endresen et al. (2005) focus on the SO2 emissions modelling from maritime transport and stress the 
importance of using accurate data on fuel sulphur content. They illustrate that the uncertainty in 
results from assuming average sulphur content may lead to significant difference in emissions 
estimates. They also argued that using ship movement data is more reliable than fleet modelling based 
on fuel sales or other incomplete data which as used in other studies led to overestimates of SO2 
emissions and fuel consumption. 
Georgakaki et al. (2005) describe the development of the maritime emissions modelling module 
within the European Transport and Environment Database System (TRENDS) project. The analysis is 
based on crude assumptions (for example the whole fleet operates over all routes) and does not deal 
with in-port emissions. The most significant result is the validation that container vessels are the 
highest polluters from the ships examined due to the longer distances sailed.  
Wang et al. (2007a) use a detailed bottom-up approach to model energy use and emissions (NOx, SO2, 
CO2, HC, PM and CO) of vessel activity from North American shipping. Despite the comprehensive 
analysis and data used, some major crude assumptions regarding energy requirements were made; 
55% of passenger vessels’ main engine power is devoted to propulsion while 25% is for auxiliary 
power, main engines operating at 20% during manoeuvring, composite emission factors were used 
while universal values for the SFOC were used (206 for transport ships and 221 g/kWh for non-
transport ships). Another assumption regarding port activity is that for each port the manoeuvring 
zone is at 20km distance which may be an overestimate for many ports. It is not clear in the study 
whether the authors considered the contribution of hoteling activities or simply aggregated this in 
what they perceive as manoeuvring emissions.  
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Endresen et al. (2007) used fuel sales data covering a time period from 1925 to 2002 to construct 
annual emissions inventories of CO2 and SO2 from oceangoing vessels taking into account the 
technological innovations throughout the period and assuming average emission factors. Despite the 
great uncertainty for various input data, the authors conclude that the per tonne transported by sea 
emissions have been significantly reduced as a result of technological improvements and more 
efficient vessels but at the same time the overall emissions showed significant increase apart from the 
period after the oil crisis in 1973. 
Wang et al. (2007b) used an enhanced top-down approach to model global SO2 and NOx emissions 
and compare the results to other studies. The innovation of their study is the use of ship activity 
patterns which allows a better spatial representation of the generated emissions and an improved 
accuracy of the total emissions calculated. The authors find that top-down inventories may 
underestimate European emission estimates in comparison to bottom-up studies due to a systematic 
under-representation of ship activity in these waters. The authors suggest that regional traffic patterns 
should be incorporated in similar studies to improve the regional inventories and at the same time 
reallocate top-down emissions more accurately by quantifying potential data bias. 
3.6.3.2 National and smaller region emissions inventories 
In addition to dedicated studies on emissions inventories of maritime transport, may research papers 
deal with the construction of national inventories of all transport modes including maritime.  
Symeonidis et al. (2004) develop an emission inventory system (NOx, CO VOC and CO2) from 
transport in Greece and apply a ship-movement methodology to estimate the contribution of vessels; 
using data about the vessels’ technical specification, trip data from Greek authorities and 
consequently applying emission factors. They estimate that 39.8% of the country’s transport-related 
NOx emissions come from sea transport while the respective contribution for CO2 is significantly 
smaller at 23.9%. 
Colvile et al. (2001) in their review on the contribution of transport to air pollutants were concerned 
about the lack of spatial resolution for maritime transport for most models, and stress the difference 
between emissions far out to sea and activity close to ports and coastal region. Other studies have 
constructed inventories of shipping emissions in smaller regions.  
Schrooten et al. (2008) developed a bottom-up activity-based emission model to estimate emissions 
from vessels sailing in the Belgian sea and projected CO2, NOx and SO2 emissions for the short term 
future based on two scenarios of low and high economic growth and accounting for coming regulation 
at the time (mainly sulphur fuel content at berth). The authors do not provide details on values for 
SFOC, cruising speed, main and auxiliary load factors used in their model while they apply average 
emission factors for all vessels without differentiating per vessel type.  
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A similar study examined pollutants from shipping in all 27 EU members for years 1980-2005 and 
projected emission values up to the year 2030 using data from the Eurostat (Schrooten et al., 2009). 
The study is built on a comprehensive dataset, and uses basic emission factors which are subsequently 
corrected for the different operating phases and technologies used; however the authors do not 
consider actual ship movement and speed data to further refine their findings. 
Corbett et al. (2010) presented emission inventories from shipping activities in the Arctic and 
projected the growth of emissions in the region until the year 2030 using a bottom up approach and 
the most recent estimates of emission factors. The authors noted that most cargo ships operating in the 
Arctic have less installed power which could lead to an overestimate of emissions if this fact is not 
considered. This is one of the few studies in the field that consider Black Carbon emissions, and this 
is particularly important as BC is known to have a detrimental environmental effect near the Arctic by 
reducing the albedo effect. The authors note the trade-offs between benefits associated with an 
increase of trips at the Arctic (due to shorter routes followed and thus fuel consumption) and the 
consequences of additional BC emissions and their impact on ice, snow and cloud albedo.  
3.6.4 Port emissions inventories 
Only a limited number of studies have specifically focused on emissions in ports and their 
surrounding regions. Davarzani et al. (2015) conduct a literature review on greening ports and 
maritime logistics using a bibliometric analysis in order to identify potential research areas. Their 
review reveals that the topic of green ports is at a very early stage but it will continue to grow as 
practitioners and governments continue to face challenges that research can solve.  
Saxe and Larsen (2004) modelled emissions of oxides of nitrogen and particulate matter from three 
Danish ports. They estimated pollutants dispersion and maximum concentrations in the neighbouring 
areas using a meteorological air quality model. Marr et al. (2007) used a network of emissions 
monitoring stations in the harbour of Aberdeen to identify the most important pollutants and create an 
emissions inventory in the area for all transport activity. For ship emissions (mainly ferries) they 
sampled emissions from the ship funnels to model emissions. They concluded that emissions from 
ships at berth constitute a significant source of the main pollutant gases and suspended particulates in 
the harbour area, but have limited effect in the air quality of the city centre. 
De Meyer et al. (2008) use a bottom-up activity based model to estimate emissions from international 
shipping in the Belgian part of the North Sea and four major Belgian ports. They compare their results 
to the national inventories of CO2,SO2 and NOx emissions in Belgium and find that for the latter two 
the contribution is very high (30 and 22% respectively). To estimate in-port emissions they use 
average activity times and loads, and collect data from port databases and use extrapolation for the 
estimation of berth activity time based on sample data. 
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Healy et al. (2009) developed a methodology that allows the categorization of PM emissions 
generation in a port to ship activity in the ports or other local and regional background sources. Liao 
et al. (2009) compare the CO2 emissions generation from trucking transportation with intermodal 
coastal shipping that incorporates in-port emissions in Taiwan. They show that a shift towards 
maritime modes will lead to carbon emissions reduction. However, they do not consider other 
pollutant species in which the maritime sector is less eco-friendly.  
Deniz et al. (2010) use a bottom-up approach to estimate emissions (NOx, SO2, CO2, HC and PM) 
from ships calling to ten terminals situated in the Candarli Gulf in Turkey during 2007. They 
considered both main and auxiliary engines, however they round berthing time to 12 hours for ships 
that left the port on the same day with the arrival, or multiply days at port with 24. They use a 
universal load factor for auxiliary engines at 75% which is unreasonably high to be appropriate for all 
hoteling activities. They also assume 40% load for main engines during cruising which is rather low 
unless slow steaming was practised.  
Tzannatos (2010) constructs an emissions inventory for the port of Piraeus using a bottom up 
approach with average load factors for each ship activity mode. He then compares the NOX and SO2 
emissions with the national transport contribution and finds that the port of Piraeus is responsible for 
1.2 and 2.5% respectively. Finally, he calculates the external costs of emissions and shows that around 
two thirds of these were attributed to coastal passenger shipping that uses high speed ferries. 
Berechman and Tseng (2012) estimate the environmental costs of port related emissions in the port of 
Kaohsiung in Taiwan. To do so, they construct comprehensive emissions inventories for all ship types 
and trucks in the port, and conclude that tankers, container ships and bulk carriers are the most 
polluting ship types. They also show that the environmental cost of ships are much higher in monetary 
terms using emission costs (money per ton of pollutant) found in the literature. 
Ng et al. (2013) constructed an emissions inventory for the port of Hong Kong using AIS data to 
estimate main engine loads. They reproduced a spatial distribution of ship emissions using AIS data 
for ship movements during a two-week period, and relied on load factors for auxiliary engines and 
boilers as used in the port of Los Angeles environmental reports. Song (2014) uses a similar 
methodology to construct an emissions inventory from ship activity near the port of Yangshan in 
Shanghai, considering base emission factors by engine type for the main pollutant species examined. 
However, the main objectives in Song’s paper is to evaluate the social cost  of ship emissions near 
that port based on social cost factors ($ per ton of pollutant) found in the literature. 
Cullinane et al. (2015) also use a bottom-up activity based model to estimate atmospheric emissions 
from containerships at berth in the three largest container ports in Taiwan. They use average load 
factors to model engine fuel consumption based on representative vessel sizes. They propose the use 
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of low-sulphur fuel to replace heavy fuel oil, and improvements in the operational efficiency of 
container terminals as emissions reduction strategies. This is one of the only studies on port emissions 
that considered abatement options, emphasizing on low sulphur fuel which currently is not a 
requirement in Taiwan. However, lower sailing speed near the port and the provision of AMP are not 
proposed. The use of AMP in the port of Taiwan is considered to reduce ship emissions by Tseng and 
Pilcher (2015) who consider a steady rate of adoption of shore power (10% per year) and estimate 
significant environmental improvements, however without considering the emissions generated at the 
source specifically. 
In the industry the topic of near port emissions has seen an increasing interest in recent years with a 
number of presentations in workshops on potential actions to reduce the environmental impacts. The 
European Maritime Safety Agency (EMSA) held a workshop on greenhouse emissions from ships in 
2009 while the American Association of Port Authorities (AAPA, 2009) promotes the reduction of 
GHG from port-related activities and urges the need for IMO to set global standards for GHG 
emissions targets from vessels.  
The British Port Association (BPA) has adapted the ESPO environmental review and code of practice 
and holds annual meetings for the environmental managers of member-ports. A number of port 
authorities are publishing annual reports on their environmental efficiency. The Port of Felixstowe 
(2013) published its seventh annual environment report for 2012-13 focusing on energy consumption 
of in-port equipment and operations. The Port of Los Angeles produces comprehensive annual 
emissions inventories which have been used in the literature to provide base emission factors per 
engine type and activity. The inventory includes ship activities which are shown to be the most 
contributing in SOx, NOx, CO2 and PM emissions. 
Section 3.6 conducted reviewed relevant studies and the methodological approach used to model 
emissions from shipping. The next section is presenting the modelling framework that will be used in 
the analysis chapters of this thesis, after considering the main lessons learned from the previous 
sections. 
3.7 The emissions modelling framework in this thesis 
The previous sections presented the underlying theory of internal combustion engines and basic 
hydrodynamics. The link between shipping activity and energy demands was shown and the impacts 
of vessel specifications, journey details, fuel type used and port characteristics were discussed. The 
activity-based modelling framework that is used throughout this thesis is summarized in Figure 3-6.
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Figure 3-6: The modelling framework used in the thesis
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The ‘Baseline’ section of Figure 3-6 refers to the process of estimating the shipping emissions 
generated by vessel activity in the proximity of ports. The necessary data and flow of calculations is 
presented schematically. The next three sections (Slow steaming, VSRP, AMP) are showing the 
process of estimating the environmental repercussions of these actions in the proximity of the port and 
their impacts in other locations. The framework is used in Chapter 5 to estimate the environmental 
improvement in the proximity of ports from emissions reduction actions. In Chapter 6, the framework 
is extended to consider the perspective of the ship operator, and the emerging economic and 
environmental trade-offs. The presented framework is an extension of the methodologies published in 
academic journals and presented in a series of peer-reviewed conferences (section 8.3). 
3.8 Summary 
This chapter has presented the background on pollutant emissions, their contribution to climate 
change and effects to human health. The mechanisms of emissions generation from internal 
combustion engines were presented and the basics of ship propulsion used to estimate the power 
requirements of vessels for different activities (sailing, low-speed sailing, manoeuvring and hoteling). 
The two main emissions modelling methodologies of ENTEC and EPA (used both by the industry and 
academia) were presented and compared. The main methodological framework for the examination of 
emissions generation in the proximity of ports was created based on a bottom up approach. The 
chapter then carried out a critical review of studies focusing on emissions modelling using either 
bottom-up or top-down methodologies. Most of these studies use modelling methodologies based on 
fuel consumption information and applying appropriate emission factors for each of the pollutants 
modelled. To date research in the domain of shipping emissions has been carried out in response to 
new regulations affecting the maritime sector and to conduct studies on emissions inventories from 
the shipping. With regards to emissions reduction strategies, the significant research effort has 
focused on the effects of slow steaming as a means to reduce fuel consumption and thus emissions. 
However, the emerging economic and environmental trade-offs arising from the use of policies, 
technology or port initiatives to reduce pollutant emissions in specific areas have not been examined. 
The next chapter will present the current state on emissions reduction policies as set by regulatory 
bodies before the framework discussed in this chapter is used to model the effectiveness of these 
emissions reduction actions locally (near the port) and globally. 
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Chapter 4 
_______________________ 
4 Emissions reduction options 
4.1 Introduction 
Chapter 2 presented the port system and Chapter 3 considered the main mechanisms through which 
port activities contribute to the environmental impacts. The reasons why this thesis focuses on the 
environmental impacts of maritime operations near the port were explained. The existing modelling 
methodologies of emissions generation from marine engines were presented. The types of machinery 
on-board vessels were presented and the role that operating patterns of a ship play in fuel 
consumption and consequently emissions was explained. This chapter begins by presenting existing 
legislation that seeks to address the environmental challenges posed by the maritime sector for vessel 
activities both at the port, and along the journey. The results of oil prices in changes in operating 
patterns of vessels and the re-emergence of slow steaming are presented from a fuel consumption 
point of view. The concept of cold ironing and its environmental repercussions near the port are 
discussed. The main existing port authority initiatives that address environmental performance in 
ports are presented to give a complete picture of the status-quo of greening maritime shipping globally 
and locally. 
4.2 Relevant legislation 
In response to the growing concerns on the environmental impacts of transportation, a number of 
regulations and policies have been developed. This section presents the most important legislation 
affecting maritime shipping along the journey, in specific areas and at the port. The most important 
associations of port authorities and their efforts are also discussed. 
4.2.1 The International Maritime Organization (IMO) 
The primary regulator of maritime shipping is the IMO. In 1973 the IMO formed the Marine 
Environmental Protection Committee (MEPC) to address matters concerned with marine pollution. In 
the same year MEPC adopted the International Convention for the prevention of pollution from ships, 
known as the MARPOL Convention. Its aim is to prevent air pollution and address sewage, waste, 
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garbage and oil spillage and is applied to 99% of the world’s merchant tonnage (IMO, 2011). The 
MARPOL Convention has been amended by two Protocols in 1978 and 1997. 
4.2.1.1 Emission Control Areas (ECAs) 
In 1997, the Kyoto Protocol of the UN framework convention on climate change requested that the 
IMO considered and addressed the issue of ship emissions. In response, the IMO commissioned a 
study on GHG emissions with a focus of identifying feasible reduction strategies (Skjølsvik et al., 
2000). Additionally, in 1977 limits for the main air pollutants from exhaust gas from ships were 
introduced through the MARPOL Annex VI. The second GHG study was commissioned and 
estimated the global contribution of shipping in CO2 emissions at 2.7% (Buhaug et al., 2008). The 
revised MARPOL Annex VI introduced limits on the maximum sulphur content allowed in bunker oil 
and created designated emission control areas (ECAs) where tighter limits applied. These limits 
would progressively become stricter by further reducing the allowed sulphur in the fuel. The 
regulation permits ship operators instead of burning low-sulphur fuel to use abatement technologies 
that result in the same SOx emissions reduction (for example, use of scrubbers). Figure 4-1 shows the 
progression of the maximum sulphur content in bunker oil inside and outside ECA zones. It should be 
noted that the global limit of 0.5% may be deferred to 2025 depending on the outcome of a review on 
low-sulphur fuel availability to be conducted in 2018. 
 
Figure 4-1: Maximum allowed sulphur fuel content (%) 
The first ECA for SOx emissions was the Baltic Sea which was designated in 1997. However, it was 
not until 2005 that the ECAs were enforced. The next ECA was the North Sea which was adopted in 
2005 and enforced in 2006. In 2010 the North American ECA was designed, and enforced in 2011. In 
2011 the United States Caribbean Sea ECA was adopted and enforced at the beginning of 2013. 
Activity in the ECAs would be in effect one year after the area was enforced. The latter two ECAs 
also regulate the PM and NOx emissions. Marine diesel engines on-board ships must meet certain 
performance standards defined by MARPOL VI. The specifications are presented in Figure 4-2 for the 
different tiers of the programme (based on the ship construction date on or after the 1
st
 of January each 
year for each tier as presented in Figure 4-2) and the resulting emission limits are plotted. 
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Figure 4-2: NOx emission limits (MARPOL Annex VI) 
Tier II describes the current NOx limits for engines anywhere in the world, whereas Tier III will apply 
for ships built on or after the 1
st
 of January 2016 and sailing in NOx ECAs. For these vessels sailing 
outside ECAs the Tier II limits will apply. As the limits in sulphur content will soon reach very low 
values there, it is envisioned that existing zones will be expanded and new areas introduced. Figure 
4-3 shows the current ECAs and the potential ECAs, the Mediterranean Sea, part of the Arctic Sea, 
the Malacca Straits and the waters around Mexico and Panama (Meech, 2010).   
 
Figure 4-3: Existing and possible future ECAs. 
 Source: Det Norske Veritas (DNV) 
Such a drastic expansion of ECAs will have significant repercussions in maritime logistics as fuel 
costs will increase in particular routes and the demand for low-sulphur oil will grow. On this matter, 
Cullinane and Bergqvist (2014) note that the socio-economic benefits of the ECA regulations 
constitute the designation of additional regions important. Therefore, it is important to consider all 
side-effects of the ECA regulations to the maritime sector in a systematic way. 
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4.2.2 European Union legislation 
The European Union has long considered ports as vital for economic growth. In 2012 74% of the 
European trade was ship borne (ESPO, 2012a). However, despite the importance of the port sector the 
EU faces significant challenges including bottlenecks due to hinterland congestion, and investment 
requirements to accommodate future growth.  The environmental implications of sulphur in fuel in 
Europe were first considered through the Directive 93/12/EEC of March 1993 which regulated the 
sulphur content of certain liquid fuels. The Directive would prohibit marketing of fuel up to 0.2% and 
0.05% sulphur content (by weight) for fuel in all transport modes by October 1994 and October 1996 
respectively. Vessels sailing between a Member State and a third country were excluded from this 
regulation. The regulation considered the potential difficulty of applying the prohibition as a result of 
the expected change in supply of crude oil and petroleum products.  
In 1999 the EU amended this directive through the Council Directive 1999/33/EC which essentially 
changed the limit of sulphur to 0.1% by the year 2008 down from the previous limit of 0.2%. The 
amended Directive required for the first time that from January 2003 heavy fuel oil with sulphur 
content exceeding 1% would be banned from use within the territory of a Member State. The 
Directive would provide a period of no more than six months with a higher limit of sulphur for certain 
Member States. These are the ones that could not apply the limits due to complications in the supply 
chain of crude oil and petroleum products.  
The first effort of the EU to specifically address sulphur emissions from maritime shipping came 
through Directive 2005/33/EC. It acknowledged the importance of the SOx ECAs designated by the 
IMO and placed a limit of a maximum of 0.1% sulphur by weight fuel used by inland waterway 
vessels and ships at berth in Community ports. Furthermore, it banned the use of heavy fuel oils 
exceeding 3% sulphur content in the territorial seas of each Member state. Territorial waters are 
defined internationally as 12 nautical miles from the baseline of a coastal state under the 1982 United 
Nations Convention on the Law of the Sea - UNCLOS (United Nations, 1982).  
In order to ensure proper use of fuel, the Directive requires all fuel switching operations to be 
recorded in ships’ logbooks. In addition, the Directive allows the use of either shore-side electricity 
while at berth or alternative emission reduction technologies that would result in at least equivalent 
reductions to those achieved with the use of low sulphur fuel. While there is currently no cold-ironing 
targeting regulation, the 2005/33/EC as well as the will of the EU to promote the use of renewable 
energy sources should facilitate the use of AMP in European ports. Placing sulphur limits within 
inland waterways and on vessel activity at berth signifies how important the EU considers the sulphur 
dioxide emissions to be near residential areas.  
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4.2.3 California Air Resources Board 
The California Air Resources Board (CARB) is a part of the California Environmental Protection 
Agency and was setup in 1967 to attain and maintain healthy air quality. California had arguably the 
worst air quality and the highest levels of air pollution due to the largest number of cars in the US. 
The two largest container terminals by volume in the US are the ports of Los Angeles (POLA) and 
Long Beach (POLB). CARB has developed regulations targeting specifically transport activity in 
these ports. While the coasts of California are in the North American ECA, there are stricter limits in 
the sulphur fuel content implemented by CARB for ocean going vessels. 
 There were two phases in the fuel requirements for OGVs in California. Phase 1 had an upper limit of 
1.5% for MGO and 0.5% for MDO effective from July 2009 which would then be changed to 1% and 
0.5% respectively from August 2012 (CARB, 2012a). The regulation in lieu (Phase 2) became 
effective in January 2014 and restricts the use of fuel with sulphur content by weight exceeding 0.1% 
by any machinery on-board a vessel within 24NM of the Californian coast (CARB, 2012b). The 24 
NM includes territorial waters and the contiguous zone (12-24 NM from the coast) where certain 
rights remain to the country. The CARB regulation has a direct effect on the local air quality near the 
coastline and the ports as it also regulates the use of low-sulphur fuel for the OGV’s at berth. The fact 
that both POLA and POLB are under the same regulation facilitates the operation of the ports. When 
such regulations apply on only some ports within a group that compete, there may be significant 
economic and environmental repercussions which are further discussed in chapters 6 and 7.  
CARB has also promoted the use of alternative technology and in particular the provision of shore 
power. In 2007 the "Airborne toxic control measure for auxiliary diesel engines operated on Ocean-
Going Vessels At-Berth in a California Port” Regulation (widely known as At-Berth Regulation) was 
approved. The regulation targets passenger, container and refrigerated cargo ships berthing in any of 
the Californian ports. It dictates that the ships must reduce by 50% the at-berth emissions from 
auxiliary engines. This can be achieved either by turning engines off and connecting to other source of 
power or by using alternative control techniques that achieve similar reductions for PM and NOx 
emissions. It applies to POLA, POLB and the ports of Oakland, San Diego, San Francisco and 
Hueneme, for fleets with more than 25 annual visits (more than 5 for passenger vessels).  
In particular, since January 2014 to comply with the regulation a port must satisfy two criteria on a 
quarterly basis (CARB, 2013): 
· For at least half of a fleet’s visits, the auxiliary engines must not operate for more 
than three hours during the entire turnaround time 
· The fleet’s total on-board auxiliary engine power generation must be reduced by at 
least 50% from the fleet’s baseline power generation 
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The regulation includes AMP which is mandatory for 50% of vessels visiting Californian ports, a 
figure which will reach 80% by 2020. The regulation recognizes good faith efforts of the ship operator 
for compliance, in case the port either cannot provide shore power or the ship experiences other 
difficulties that limit the provision of AMP. In November 2014, CARB held a public workshop on the 
future of the At-Berth Regulation (CARB, 2014) where it was noted that the majority of ship 
operators opt to reduce on-board power generation (to reach the 50% target). An important challenge 
with regards to AMP is the difficulty of accessing the AMP-ready berth which can already be in use 
by another vessel. Fleets are not in control of their allocated berths while there are still compatibility 
issues faced between the dock facility and the ship. For some ship owners the use of alternatives to 
shore power may be preferable economically as an emissions reduction method considering 
retrofitting costs for the vessel. CARB proposed expanding the vessel types and ports bound by the 
regulation and the inclusion of additional technological solutions. CARB also suggested further 
exploring the possibility of transferring accountability to the terminal when shore-powered berths are 
unavailable. An additional public workshop was scheduled for the 1
st
 quarter of 2015. The regulatory 
advisory informed the affected fleets of the proposed amendments to the regulation which are planned 
to take effect in late 2015 (CARB, 2015).  
4.2.4 Port Associations 
There are several port associations globally with the task of representing port authority members, the 
most famous of which is the International Association of Ports and Harbors (IAPH). Others include 
the American Association of Port Authorities (AAPA), the European Sea Port Organization (ESPO), 
and the British Ports Association (BPA). These share the objectives of representing their members, 
providing guidance towards more efficient operations and promoting the exchange of experience on 
successful green strategies developed by port authorities around the world. However, the majority of 
objectives are realised in a very qualitative way usually revolving around the suggestion of good 
practice guides and are not backed by quantitative procedures.  
The IAPH launched the World Ports Climate Initiative (WPCI) which targets GHG emission 
reductions for its 55 port members. The WPCI supports ports to monitor and reduce their CO2 
footprint through working groups that provide practical information on emissions reduction methods 
online. Finally, the IAPH has designed a tool box that showcases successful implementation of port 
initiatives and clean air programs for all operations taking place in a terminal. The European 
equivalent, ESPO, has developed the Self-Diagnosis Method (SDM) framework for port authorities 
within the EcoPorts network. A port in Europe or Norway may join this network by attaining the 
EcoPorts status as soon as its authority completes the SDM checklist. This will provide insight on 
problematic areas within the port that should be prioritised for environmental improvement. ESPO has 
also published a green guide for the systematic port environmental management and designed the Port 
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Environmental Review System (PERS). PERS complements the SDM and assists port authorities to 
introduce environmental management systems (ESPO, 2012b). EcoPorts members are expected to 
review their progress through the SDM checklist annually. However, this only provides a qualitative 
indication of improvement over the years and no quantitative estimates of actual reductions in energy 
use, emissions generated or other environmental issues. This lack of quantitative evidence in the 
agendas of port associations around the world raises the issue of efficiently estimating, monitoring 
and mitigating shipping emissions near and at ports where vessels stay for considerable parts of their 
voyage. 
The main policies and regulations affecting maritime transport and its environmental impact were 
presented. However, there are decisions that shipping companies make which can also affect their 
emissions and environmental repercussions, even if the initial motivation is to minimize operating 
costs. These will be presented in the next section. 
4.3 Shipping operators decisions 
Shipping lines make decisions based on maximizing their profits. Some of these decisions have 
environmental consequences by improving the fuel efficiency of the cargo transported (except for 
good markets when ships may speed up). This section presents the environmental effects of 
economies of scale that led to larger vessels, and of slow steaming which resurfaced in recent years 
leading to significantly reduced sailing speeds. 
4.3.1 Economies of scale 
The growth of the sector has led to shipping companies pursuing economies of scale by investing in 
new generations of containership capable of carrying larger numbers of TEUs (Angeloudis, 2009). 
Larger containerships are most cost-efficient in ton-NM. Thus there has been an increase in ship size 
explained by the economies of scale (Cullinane and Khanna, 2000). Lim (1998) notes that large 
container ships are designed in the expectation that economies of scale will emerge. Larger vessels are 
designed to operate at higher sailing speeds which has an economic explanation due to the larger 
distances involved in long-haul trades.  
The journey time is an important parameter but at the same time from the shipper’s perspective there 
is a smaller number of ships required to run a service. Stopford (2009) illustrates how the total cost 
per container transported per annum is lowered with larger ships; a 1,200 TEU containership is 
estimated to have a cost of $648 per annum per TEU whereas for an 11,000 TEU ship the cost drops 
to $360. Using the containership specifications of Table 3.1 in chapter 3 and the methodology 
developed the fuel consumption per NM per TEU during cruise and at-berth is estimated in Table 4.1. 
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Table 4.1: Fuel consumption and economies of scale 
Class  TEU VS 
(knots) 
Berth duration 
(hours) 
 Fuel Consumption: 
Cruise (kg) 
 Fuel Consumption: Berth 
(kg) 
     Per NM Per NM per TEU  Per call Per call per TEU 
Very small feeder 500 15 5  48.1 0.096  482 0.964 
Small feeder 1,000 17 7  56.0 0.056  929 0.929 
Feeder 2,000 20 9  77.3 0.039  1,765 0.883 
Feedermax 3,000 22 10  125.5 0.042  2,818 0.939 
Panamax 5,000 23 12  269.4 0.054  5,918 1.184 
Post-panamax 9,000 24 16  429.4 0.048  11,725 1.303 
New panamax 12,000 24.5 20  490.7 0.041  16,777 1.398 
ULCV 18,000 25 26  561.3 0.031  27,491 1.527 
 
Table 4.1 shows that the fuel cost of transporting 1 container for 1 NM is much smaller for bigger 
vessels under the assumption of vessels travelling at their design speed and with the same capacity 
(%) filled. These numbers confirm that operating costs is an important parameter leading to the design 
of larger vessels as noted in Chapter 2. Despite that fact, smaller vessels are still used particularly for 
feeder services and short-sea shipping. 
Table 4.1 additionally shows that from the port’s perspective, a larger vessel is significantly more 
polluting per call. This can be attributed partly due to the longer berth duration and partly due to the 
greater engines operating. The per TEU fuel consumption depends on the efficiency of the loading 
and unloading operations. Thus, the number of cranes assigned to each vessel decides the turnaround 
time and the per TEU handled fuel efficiency. While larger ships are a more major consideration for a 
port, an effective action in reducing the vessel’s footprint may prove easier than attempting to reduce 
the impacts of a larger fleet of smaller vessel. 
4.3.2 Slow steaming  
Slow steaming refers to the operational practice used by ship-operators as a means of mitigating fuel 
costs during oil crises or when excess capacity exists in the shipping market (Benford, 1981). 
4.3.2.1 Motivation for slow steaming 
According to Lloyd’s Register the bunker fuel costs doubled from $350 to $700 from July 2007 to 
July 2008. Figure 4-4 shows the fluctuation in the price per barrel of crude oil during the last ten 
years. 
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Figure 4-4: Crude Oil Price fluctuation during the last 10 years.  
Source: Infomine (2015) 
In the aftermath of the 2008 recession, oil prices increased and this led to the re-emergence of slow 
steaming for lower fuel costs (Psaraftis and Kontovas, 2010). Rodrigue et al. (2013) attribute the shift 
to slow steaming both to the increased fuel prices and drop in demand for containerized shipping 
which coincided with the new-built ships deliveries. These ships were ordered during the boom years 
of the market but only delivered when the market collapsed leading to overcapacity of ships. 
Kontovas and Psaraftis (2011) consider the following incentives for slow steaming: 
· Higher bunker prices and consequently fuel costs 
· Higher bunker costs due to regulated use of more expensive fuel 
· Savings in other costs (e.g. local taxes) 
· Reduced freight rates 
· Mandatory or voluntary regulations adapted by companies 
There have been several variations of slow steaming in container shipping. Maersk re-introduced the 
practice of slow steaming when the larger vessels reduced speed from 22-24 to 18 knots. The newer 
Maersk Triple-E class was designed for slow steaming with optimized hulls and less powerful 
propulsion engines installed than its smaller predecessors. Maloni et al. (2013) consider speeds of 21, 
18, and 15 knots as slow steaming, extra-slow steaming and super-slow steaming respectively. Apart 
from economic benefits due to reduced fuel consumption, there are environmental gains due to less 
emissions generation and greater service reliability but at the exchange of additional costs for shippers 
and consignees (Lloyd’s List, 2013). 
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4.3.2.2 Fuel savings from slow steaming 
Slow steaming can also benefit the local air quality in the proximity of ports. The mechanism through 
which slow steaming works is based on the effects of the propeller law in reducing the necessary 
power to propel the vessel at lower sailing speeds. As illustrated through equation 3.21 in Chapter 3, 
the engine load will drop significantly with the lowered speeds and at the same time the SFOC of the 
main engine will increase as it no longer runs near its optimal load. The two parameters affecting fuel 
consumption of the main engine are plotted in Figure 4-5 for different sailing speeds of a ULCV. 
 
Figure 4-5: ELm (% of MCR) and SFOCm (g/kWh) at different sailing speeds VS (knots) 
Figure 4-5 shows that while the required grams of fuel per kWh increases at lower speeds (blue line, 
right hand y-axis), the ELm and consequently the required output power drops at a much higher rate 
(red dotted line, left hand y-axis). The resulting fuel consumption (kg of fuel per NM) is plotted in 
Figure 4-5 along with the fuel consumption of the auxiliary engines that are operating unaffected by 
the change in VS. The drop in speed should in theory not influence the electric demands of the vessel 
and therefore the fuel consumption per unit time should not change at different sailing speeds. Figure 
4-6 is plotted against the sailing speed to illustrate that due to the longer time required to sail through 
1 NM, the fuel consumption per NM of the auxiliary engine is increasing at lower speeds. 
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Figure 4-6: Cruise fuel consumption of an ULCV per NM at different sailing speeds VS 
Figure 4-6 shows that there is a point where theoretically the auxiliary engines are consuming more 
fuel per NM than the propulsion engines. The blue line indicates that the total fuel consumption per 
NM (and thus per journey) will be overall significantly decreased through slow steaming.  
4.3.2.3 Research on slow steaming 
The first study of the potential of slow steaming practices was from an economic perspective in the 
paper of Benford (1981) which used a linear programming model to optimize ship selection and 
sailing speed. Ronen (1982) examined the trade-offs of fuel savings due to lower speed and losses in 
revenue attributed to the longer voyage and demonstrated the change of the optimal sailing speed at 
different oil prices. Perakis (1985) showed that for an owner of a fleet of vessels (different in age, size 
and operating speed) it is better to operate each ship differently. Perakis and Papadakis (1987) 
proposed optimization models that minimized fleet operating costs with fully laden and ballast speeds 
as decision variables. Fagerholt (2001) considers slow-steaming as an option for various optimization 
scenarios on ship scheduling when soft time windows are allowed for some customers.  
Slow steaming resurfaced as a recurring research theme in recent years following the 2008 recession 
with a focus on environmental aspects. Psaraftis and Kontovas (2009) examined the potential of speed 
reduction as a means of mitigating emissions from faster ships and stressed the importance of time 
lost which could be compensated either by additional services or by reducing port time. Corbett et al. 
(2009) show that lower sailing speeds across a range of containership routes can lead to a reduction in 
carbon emissions by up to 70%. They also consider that including the maritime sector in carbon 
trading schemes can help further expand the practice.  
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 The environmental benefits of this practice were heavily advertised by liner companies in a bid to 
improve their public image by reinstating that slow steaming is regarded a long-term practice 
(Maersk, 2010). Cariou (2011) demonstrates the sustainability of slow steaming if fuel prices remain 
at high levels despite a potential increase of fleet used (additional trips to meet demands). Meyer, 
Stahlbock, and Voss (2012) provide a review of slow steaming history and calculate fuel consumption 
at different speeds to show the economic benefits of the practice. For one 8000 TEU containership 
they find a profit increase of 44% compared to the design speed.  Psaraftis and Kontovas (2013) 
review the existing speed models and the effects of sailing speed to fuel consumption and emission 
generation and propose a research agenda on speed limits.  
Maloni et al. (2013) compare economic benefits and CO2 emissions per shipment for various versions 
of slow steaming scenarios. They find that there can be both supply chain savings and environmental 
improvement through lower speeds and support the expansion of slow steaming as a practice. Wang 
and Meng (2012) proposed a sailing speed optimization model for container ships in a network that 
proved that for high bunker prices lower speeds are preferable economically bearing additional 
environmental benefits. Taking into account the effect of the propeller law and the relationship 
between fuel consumption and sailing speed this result is anticipated. Psaraftis and Kontovas (2014) 
show that optimal solutions for economic and environmental performance are not always concurrent. 
They note the importance of the price of cargo as pricier shipments are more polluting as they get 
hauled by liner ships that tend to go faster than for example cheaper bulk cargoes. This is a reasonable 
finding as ships may carry very expensive cargo and a delay in delivery due to lower speed could 
have a negative impact to revenue that exceeds the fuel savings. Finally, Zis et al. (2014) consider the 
effects of various port policies and technologies to reduce near port emissions from containerships. 
They show that operational slow steaming across the journey has important environmental effects 
both locally and globally. 
In summary, slow steaming is one of the key operational practices that can affect the environmental 
performance of a fleet. While slow steaming has been extensively researched in the previous years, its 
implications from the port’s perspective have not been explicitly examined. 
4.4 Role of technology 
Apart from changing operational practices that affect fuel consumption (e.g. sailing speed) or taking 
advantage of larger and more efficient ships, new technologies can improve the environmental 
performance of maritime transport and reduce its impacts near ports. Technological innovations that 
improve fuel efficiency will help halt the increase of maritime transport related CO2 in absolute 
numbers. These can be distinguished between technologies that improve engine efficiency, 
improvements in the hydrodynamics of the vessel and methods of using renewable energy for either 
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propulsion or electric demands. This work is focused on operational practices that can lead to 
emissions reduction. The technological solutions presented in this section are included to highlight 
that the theoretical limits of fuel efficiency will be eventually be reached. Therefore, operational 
measures will be required to meet coming regulation.  
4.4.1 Engine efficiency 
In fossil fuel combustion there is a limit to the theoretical fuel efficiency that can be achieved which 
cannot be reached when electric and mechanical losses are accounted for. The lowest SFOC for 
propulsion engines using diesel fuel recorded is around 155g/kWh (MAN Diesel, 2010) reaching a 
thermal efficiency of approximately 54.4%. Wärtsilä (2013) notes that over the last 30 years 
efficiency has risen from 41% to around 50% through various improvements in engine operation 
(compression ratio, reduced period of fuel injection, optimized valve timings). However,  the pace of 
improvement has fallen partly due to the NOx restrictions set by regulations.  
In particular, the MARPOL Annex VI introduced the energy efficiency design index (EEDI) which is 
a ratio of grams of CO2 used to transport 1 ton of cargo for one nautical mile. The EEDI came into 
force in 2013 with varying acceptable values depending on ship type and specifications. It was 
conceived as a formula for the largest and more energy intensive ships (tankers, bulk, reefers and 
container ships) but in 2013 the regulation was expanded to include LNG carriers and ro-ro ships. The 
suggested EEDI values from the IMO are a function of deadweight capacity as seen in Figure 4-7. 
 
Figure 4-7: EEDI for different vessel size  
Source: MAN Diesel (n.d.) 
The EEDI reference lines will become stricter with time, and less efficient vessels may still comply 
with the specifications by changing operating patterns (e.g. sailing at lower speeds). The excluded line 
refers to vessels that are excluded from the regulation. These include vessels powered by diesel-
 
E
E
D
I 
(g
 C
O
2
 /
 t
·N
M
)
Capacity (deadweight tonnage – DWT)
P a g e  | 96 
 
electric engines, gas-turbines or hybrid propulsion, and some vessel types that were not initially 
included. EEDI is a measure which is relatively easy to monitor for implementation and 
straightforward for ship operators to adhere to. However, Devanney (2010) notes that the regulation 
may influence a shift to low powered ships which have better EEDI values but are fuel inefficient. 
This shift may demotivate clean ships that already satisfy the criterion to seek further improvements 
in their operation. 
Another important technological option which emerged in recent years is investing in derating 
propulsion engines to operate optimally at lower loads when slow steaming is used. As shown in 
Chapter 3, operation at lower loads will result in significant fuel consumption reductions even though 
the efficiency per g of fuel used will increase. In response to the increasing occurrences of slow 
steaming, engine manufacturers have developed engine tuning methods that optimise the operation of 
the propulsion engines to part load (50-85% of MCR) or low load (25-70%). Available methods are 
intended for engines in compliance with the Tier II NOx standards. These include 
·  installation of an exhaust gas bypass (EGB) 
· variable turbine (VT) area (altering the nozzle ring area of the turbocharger)  
· changing the engine control tuning (which does not affect engine components). 
 All three methods provide lower SFOCs at loads below 70% at the expense of higher SFOC for 
higher engine loads as seen in Figure 4-8. 
 
Figure 4-8: SFOC reduction with EGB, VT or ECT tuning methods. 
Source: Man Diesel (2010) 
4.4.2 Hull improvements 
The IMO in its second GHG study considered that savings between 2 and 20% of CO2 emissions per 
ton-mile can be achieved through improved design in the hull and the ship’s superstructure. Molland 
et al. (2014) estimate that optimising the hull form can lead to savings of up to 5%. They note that 
(a) EGB (b) VT (c) ECT 
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redesign of the bulbous bows (extension of the hull below the waterline that reduces drag) for 
container ships may be necessary in eras of slow steaming. This can be explained by the fact that at 
low speeds a bulbous bow will trap water above it and lead to increased drag and thus reduced 
efficiency. Howett et al. (2012) developed a genetic algorithm that optimises hull design by changing 
the dimensions of the ship’s hull which in theory could lead up to 12.8% reductions in CO2 emissions. 
The bio-fouling of the hull can increase resistances and fuel consumption by between 1 and 2%. 
Therefore, anti-fouling paint may improve the vessel’s performance while also limiting the transfer of 
micro-organisms between different aquatic systems (FATHOM, 2013). 
4.4.3 Wind power 
Before the invention of steam engines, ships were propelled using either paddles or sails. Steam 
engines are almost obsolete and the majority of ships use diesel engines or at certain cases gas 
turbines. In an attempt to further reduce emissions many technologies and techniques have been 
proposed. These include harnessing the wind to reduce fuel costs, a notable example of which has 
been the introduction of SkySails illustrated in Figure 4-9.  
 
Figure 4-9: Schematic of the SkySails concept and application.  
Source: SkySails website 
 This consists of a large foil kite (kite (around 320 square meters) flown at relatively high altitudes 
(100-300 meters) to take advantage of stronger winds. Wind energy depends of speed and air density 
and while the latter is reduced negligibly at altitudes as high as 300m the former increases much 
faster. Skysails is an innovative technology with great potential that can provide the equivalent of 
2000 kW of propulsion power and can significantly reduce fuel costs during sailing.   
4.4.4 Solar power, fuel cells and hybrid systems 
The use of solar power in ships is an interesting subject due to the significant energy demands of 
vessels and the small area available to place photovoltaic elements. For small vessels, hybrid systems 
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have been proposed to cover part of the energy demands of the vessel, and while at berth provide 
power to the grid (Lee et al., 2013). A pioneer attempt for solar power on large vessels is exhibited on 
the Auriga Leader which is the first car carrier to use solar power. It carries 328 solar panels that can 
power up to 0.05% of the vessels propulsion requirements and 1% of its electricity demands. This 
however, is only translated to a fuel economy of 13tons per year. It is also questionable whether this 
technology can ever be used for containerships due to the layout of the containers on the vessel and 
the limited area for solar panels. Regardless, in the future as technology improves it can be expected 
that solar power will play a more important role in the maritime sector.  
Finally, the use of fuel cells is another technology that can be anticipated to help drastically reduce the 
sector’s emissions. Fuel cells are devices capable of converting the chemical energy of a fuel into 
electricity. This can lead to significant fuel economy due to the higher efficiency (Sattler, 2000). 
Fewer NOx and no SOx emissions can also be expected due to the nature of the technology. DNV 
(2012) managed to install and operate a 330kW fuel cell system onboard a vessel with very high 
efficiencies measured (between 44 and 55% depending on using heat recovery or not) with potential 
for further improvement. 
4.4.5 Cold ironing 
The previous sections presented technologies that improve the fuel efficiency of vessels at cruise or 
assist with the electricity demands of the ship. As shown in section 4.2.4, one way of reducing 
emissions at berth is the use of shore power to cover the electric demands of the vessel in the port. 
The use of electricity in transport has been mainly associated with the benefits through electric 
vehicles. Comprehensive studies that estimate the pollutant emissions at the energy source have been 
carried out. Lewis (1997) notes that the supply of electricity in Europe is based on various different 
types of power plants. These differ in fuel used and technologies deployed and wide variation across 
different European countries is observed. The efficiency during at the stages of distribution and 
generation of electricity varies for different energy sources.  
Typical emission factors are provided for coal-fired conventional steam cycle powerplants, gas 
turbines running on light oil, nuclear and renewable energy sources. Lewis (1997) calculated the 
average electricity production emissions for all EU-member countries at the time of the study using 
information on the electricity supply mixture. Cold ironing or Alternative Maritime Power (AMP) 
defines the procedure of providing electrical power to a ship at berth to meet the vessel’s energy 
demands while the ship’s main and auxiliary engines are switched off. Military vessels relied on 
electrical power from the shore for many years (Paul and Haddadian, 2005).  
The term cold ironing arose when in the past coal-fired engines would stop burning while the ship was 
tied to the port, and the iron engines would cool down. Ships can use cold ironing either from ship to 
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ship (military applications) or from shore to ship. Only the latter has environmental benefits. The 
benefits are predominantly local as the ships’ funnels do not release pollutants in port. On the contrary 
the energy demand of the ship is met by the power plant (or other sort of power) that provides current 
to the port. As a result, with the use of cold ironing locally there are no ship emissions (at berth), but 
only globally (and locally at the generating plant, since the power supplier emits pollutants). It should 
be noted that cold ironing is more appropriate for ports where a vessel is berthing for a sufficient 
period of time. Thus it is not of particular benefit to provide AMP to vessels that remain at berth for 
very brief visits (e.g. passenger vessels).  
4.4.5.1 Energy requirement 
A hoteling ship requires energy to cover demands of emergency equipment, refrigeration, cooling, 
pumps, heating, lighting and any other equipment running while the ship loads or unloads cargo 
and/or passengers. For ships that are AMP-ready, the auxiliary engines may be switched off during 
berth and only the auxiliary boilers are operating. The boilers keep fuel temperatures and the main 
engines’ cylinders warm to avoid damage from low temperature contractions (POLA, 2011). Thus, in 
the proximity of the port, these auxiliary boilers are the only source of pollution. The remaining 
energy demands can be covered through cold ironing. In order to identify the exact energy 
requirements to be provided through AMP, an activity based assumption may be used. The energy 
from the grid should be enough to cover the energy output that the auxiliary engines would provide if 
operating. The grid energy required includes  any energy losses due to transmission and energy 
conversions. 
4.4.5.2 Energy Losses 
The energy requirements at berth of a ship relying on auxiliary engines can be given through equation 
3.26. This amount is essentially describing the required power to be provided through AMP if the port 
and vessel are equipped and ready to use. However, the actual energy generation has to be greater 
than the energy demands of the vessel in order to account for transmission and conversion losses.  The 
transmission losses from the power source to the AMP facility at the port typically reach 
approximately 2% while energy supply losses from the AMP unit and the vessel can reach up to 8% 
(AEA, 2011). 
4.4.5.3 Challenges and opportunities regarding AMP 
The main barrier to the wider use of AMP has been the lack of compatibility between the ship and the 
grid as there is no uniform voltage and frequency around the world. The lack of standardisation in 
primary distribution voltage led to a variation from 440 volts to 11kilovolts whereas some ships use 
220 volts at 50 or 60 Hz, and others rely on 110 volt current (Arduino et al., 2011). The load 
requirements also vary among different ship types and different sizes as discussed in section 3.4.2.5. 
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Khersonsky et al (2007) considered that the creation of a standardised plug/receptacle connection that 
would allow ships to connect at currently incompatible ports may help the expansion of AMP around 
the world. They note two important difficulties in the further expansion of cold ironing. The first is 
the additional cost of retrofitting existing vessels to be AMP-ready. The second considers the limited 
space in ports to house the shore-side systems. Legislation and new regulations may also influence the 
expanded use of AMP across ports. Cold ironing could be a preferable alternative for ship owners due 
to the higher cost of the ultra-low sulphur fuel.  
4.4.5.4 Role of power source 
Through the use of cold ironing there are always local environmental benefits since the auxiliary 
engines of participating ships are turned off for a large part (or even throughout) of the berthing time. 
However, there are induced emissions at the source of energy generation that now powers to the 
vessel at berth. While some ports are investing in small power units (or Renewable Energy Sources - 
RES) for their own needs, the majority would rely on the grid to meet the very high energy demands 
from hoteling vessels.  
To quantify these emissions, it is vital to know the energy mixture powering the port, and the relevant 
grid emission. Grid emission factors are usually lower than marine fuel emission factors since part of 
that energy comes from RES, nuclear power or more eco-friendly fuel (such as LNG). However, there 
are cases where the energy may be provided by coal-burning power plants with a worse 
environmental performance (particularly when low-sulphur fuel could be used at the port). Even in 
this case locally there would be significant benefits from the use of AMP. It should be noted also that 
AMP could potentially be provided from the energy surplus of local RES units or even dedicated in-
port RES units if economically feasible. For example, the port of Gothenburg is considering linking 
its AMP with local hydroelectric or photovoltaic units. 
 Given the worldwide trend to increase RES, cold ironing can also reduce the environmental impact of 
ports also on a global scale too. The EU has set targets through its directives so that by 2020 20% of 
energy production in a member state origins from RES (DIRECTIVE 2009/28/EC), and it is expected 
that the percentage will increase in the future.  
4.4.5.5 Grid emission factors 
The emission factors of the electricity grid are usually lower than the equivalent factors of fossil fuel 
used in internal combustion engines (particularly in comparison with marine engines using lower 
quality fuel than gasoline). There have been studies that compare the emissions from internal 
combustion vehicles and electric or hybrid cars in which the average grid emission factor per country 
is used. For example, Howey et al. (2011) assume a grid emission factor of 542g/kWh for the UK and 
use it to compare the environmental efficiency of electric vehicles with hybrid and conventional cars. 
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In similar studies a conversion of the typical fuel consumption and emissions per km must take place 
to compare with the kWh required from the grid. The results depend heavily on the characteristics of 
the vehicles compared (aerodynamics, engine efficiency) and the country of study. In addition, 
Barkenbus (2010) notes that the fuel economy of vehicles is very sensitive to driving behaviour and 
therefore the results of these studies are prone to biases. Technologically the efficiency of the grid is 
gradually improving over the years aided by the strict regulation to increase the participation of RES 
in the energy mixture. The CO2 emissions intensity for the UK has seen significant reduction over the 
last 20 years as seen in Figure 4-10. 
 
Figure 4-10: The CO2 emissions intensity (g/kWhe) in the UK (data source: DEFRA, 2013) 
In the European Union, member countries are bound to promote the use of energy from renewable 
sources with specific national targets for each country by the year 2020 (European Commission, 
2009). This will continue the trend of lowered emissions intensity for most pollutants and would 
increase the advantage of relying on electricity instead of fossil fuel for transport. 
The International Energy Agency regularly provides reports on the CO2 emissions from fuel 
combustion and used to publish indicators for CO2 emissions per KWh for electricity and heat 
generating industries. In their most recent report, electricity-only factors in grams of CO2 per kWh 
have been calculated for all IEA member countries. This was performed by assuming average 
‘implied’ emission factors for each different fuel used and then adding the emission factors for each 
country based on their energy mixture (IEA, 2012).  
A similar approach may be used to estimate the grid emission factors of other countries for other 
pollutant gases. Typically CH4 and N2O are calculated in the literature as global averages in terms of 
kg per kWh of electricity generated. The EPA provides emission factors through the Emissions & 
Generation Resource Integrated Database (eGRID) for the various energy production methods which 
may be used for an estimation of the emissions intensity of the grid of any country where explicit 
information is not available and only the generation mixture is known. 
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 In maritime transportation and AMP in particular, the comparison can be made in terms of electric 
requirements at berth which would typically be the same for a given ship in a given port during the 
same time. The AMP units in a port that powers vessels at berth produce no emissions and offer an 
option that reduces local and regional pollution. The contribution to the global emissions of gaseous 
pollutants depends on the production method of electricity that the AMP units rely on. Advances in 
ship technology and promotion of solutions such as cold ironing can be expected to improve the 
environmental performance of the sector and also help relief ports from emissions due to shipping 
activity. The next section presents some initiatives developed by port authorities around the world, 
which specifically target emission generation in their proximity. 
4.5 Port Initiatives 
A number of port authorities have their own green agendas that seek to improve the air quality near 
the port. Ports are emphasizing different environmental challenges according to their priorities and 
therefore, there are initiatives that target all port operations (maritime, yard, and hinterland). The most 
well-known programmes that address port operations (maritime, in-port, gate) are given in Table 4.2. 
Table 4.2: Green programs in port authorities around the world 
 Port Operations 
 Maritime Yard  Gate  
Port 
Low sulphur 
fuel and/or 
scrubbers 
Speed 
reduction 
At- Berth Ship design /operational 
aspects 
LNG 
bunkering 
electrification, 
hinterland 
operations 
 
Singapore 
Green Port 
Programme 
  
Green Ship Programme, 
Green Technology 
Programme 
Available   
POLA  VSRP 
Cold 
Ironing 
   
Clean truck 
programme 
POLB  VSRP 
Cold 
Ironing 
Smoke Stack Reductions 
(maintenance, control and 
alternative fuel) 
  
Clean truck 
programme 
Gothenburg 
Reduced 
tariffs 
   
Planned 
for 2015 
  
Antwerp   Trial 
Rewards  for clean 
vessels 
Available   
Rotterdam    
Reduced fees LNG 
vessels 
Available 
Investing in 
RES 
 
 
4.5.1 Vessel oriented programmes 
Many port authorities that are not bound by existing regulation have been rewarding vessel operators 
that follow green practices. For example, in Singapore reduced port fees are required for ships that are 
using low-sulphur fuel or have good scores in their EEDI. Other ports promote the use of technologies 
such as cold ironing and offer it at competitive prices or even free of charge (for example the port of 
Antwerp). Similarly, the use of scrubbers leads to reduced tariffs in the port of Gothenburg. Some port 
authorities are considering investing to LNG bunkering facilities which will result in cleaner vessels 
calling at these ports. LNG-fuelled vessels currently enjoy reduced tariffs in Singapore and Rotterdam 
while there are plans of the European Commission to develop LNG bunkering services in all EU ports 
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within the Trans European Core Network by 2020 (European Commission, 2013). A very successful 
initiative has been the introduction of the Green Flag Programme (which is a VSRP) in POLA and 
POLB. These port authorities offer monetary incentives for vessels that reduced their sailing speed in 
the proximity of the port. The VSRP will be examined in detail in Chapter 5. 
4.5.2 Non-vessel programmes and investments 
A number of port authorities are upgrading their cargo handling equipment with the introduction of 
faster and more efficient machinery. This has positive effects in the energy efficiency of the terminal 
and at the same time reduces the turnaround time of vessels at berth and thus the vessel emissions 
generated near the port. Investments in energy generation within the port have been considered in 
smaller ports where space is available (Shoreham) for the introduction of renewable energy sources. 
Relieving bottlenecks caused at the port’s gate through improved planning may also contribute to the 
turnaround time (Zhao and Goodchild, 2010). Truck emissions at the terminal will be reduced by an 
optimized truck arrival pattern (Chen et al., 2013) and additionally booking systems have been 
introduced. Port authorities also design schemes where trucks below certain efficiency standards are 
banned from the port (Clean Truck Programme in POLA) and use of cleaner trucks is rewarded. To 
reduce hinterland emissions, port authorities could adapt some measures such as: 
· Promoting the retirement of older vehicles 
· introducing penalties for delayed arrivals 
· educating campaigns on driving behaviour (e.g. reducing engine idling times when waiting) 
These simple methods can improve terminal efficiency and the port’s environmental performance. 
4.6 Summary 
This chapter presented the existing legislative framework defined by the IMO, the European Union 
and other regulatory bodies with local power. The need for a reduction in a port’s footprint has been 
stressed by port associations worldwide. However, this chapter showed that only soft measures have 
been proposed to the port authorities. The main operational practices and technological solutions that 
may help reduce shipping emissions along the journey, near the port and/or at berth were presented 
with a particular focus on speed reduction practices. The main port authority initiatives on reducing 
emissions directly or indirectly from vessels were presented. The chapter illustrated existing policies, 
methods and practices that can affect shipping emissions. It set the basis for the selection of the most 
appropriate and promising operational practices examined in chapters 5 and 6. The next chapter 
examines the efficiency of slow steaming, speed reduction programmes near ports, fuel switching 
regulation, and cold ironing in terms of emissions reduction. This is performed from the perspective 
of a port authority considering emission reductions achievements and their associated costs. 
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Chapter 5 
_______________________ 
5 The effects of emissions reduction 
actions in ports 
5.1 Introduction 
The implications of existing policies and initiatives on the air quality near a port and the effectiveness 
in emissions reduction are examined in this chapter. The chapter first illustrates how a baseline 
emissions inventory for a port is constructed for carbon dioxide, sulphur dioxide, nitrogen oxides and 
black carbon emissions. The baseline case is concerned with emissions generated from marine 
engines during the arrival/departure, manoeuvring and berth hoteling activity phases. The baseline 
case is necessary to be constructed, in order to compare the potential of improvement through the 
various emissions reduction actions that were presented in Chapter 4, and are examined in this thesis 
The effects of operational slow steaming, introduction of cold ironing, adaptation of speed reduction 
programmes in the port proximity and fuel regulations are modelled. The efficiency of each measure 
is estimated with the activity based methodology presented in Chapter 3 using data retrieved from port 
authorities, shipping companies and engine manufacturers. The role of port to port distance on 
potential emissions reduction measures is discussed and how short distances can constitute VSRP 
more difficult for implementation. Where data are missing, assumptions are made based on 
discussions with naval engineers and practices followed by the industry. The case studies concern 
theoretical container terminals with similar TEU throughput and illustrate the variability in the 
efficiency of the examined measures at different port and ship characteristics. As a result, the 
efficiency of each emissions reduction action varies for the different terminals and vessels examined. 
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5.2 Estimating baseline emissions generation in the port 
proximity 
In recent years the majority of research in maritime shipping and emissions has focused on the effects 
of slow steaming as an operational practice. Fuel consumption near ports and emissions generation is 
considered in some of these studies as a partial contribution to the maritime sector’s footprint, usually 
acknowledged as a rough percentage of the sector’s contribution. However, as presented in Chapters 2 
and 3, the emissions near the port have very important implications to local air quality and are 
responsible for health issues. Therefore, near port emissions should not be limited to percentage 
contributions.  This section will build on the modelling framework of Chapter 3 to estimate the 
baseline emissions generation from vessel activity in the proximity of a port. 
5.2.1 Fuel consumption of maritime activities near and at ports per ship 
The emissions modelling methodology used in this chapter is based on the modelling framework of 
Chapter 3.  Four types of vessel activities contribute to the port’s footprint. These activities and the 
operating equipment on-board a vessel are illustrated in Figure 5-1. 
 
Figure 5-1: Emissions per vessel call broken down into main activity phases 
The methodology starts by estimating the fuel consumption of all operating machinery (propulsion, 
auxiliary generators and boilers) and consequently multiplying this with appropriate emission factors. 
The baseline case considers that near-port cruising during approach and departure occurrs at ELm  of 
85% with vessels sailing at their nominal speed. The electricity requirements are covered by the 
auxiliary engines operating at 30% of their respective MCR. During queuing, the main engines are 
assumed to be turned off and the auxiliary boilers operate at their default loads. The manoeuvring 
phase is assumed to last for 30 minutes (in total for departure and arrival near berth) for all ports and 
vessels to facilitate comparisons. During manoeuvring, the auxiliary engines are running at higher 
loads while the boilers work at default loads. At berth, it is assumed that boilers still operate at default 
loads at all times, while if there is no AMP provision the aux. engines operate at average ELa of 23%.  
Baseline Emissions generating activities per ship call
Port Operations
(Cargo handling)
Hinterland 
Transportation
Manoeuvring Vessel footprint 
Manoeuvring mode
Aux engine
Aux. boilers
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Aux engine (23% MCR)
Aux. boilers
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in this 
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+
+
+ +
=
Cruise mode
Main engine (85% MCR) 
Aux engine (30% MCR)
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Aux engine (30% MCR)
Aux. boilers
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5.2.2 Emissions generated in the proximity of the port 
The total emissions εi(kg) of pollutant species i, generated by ship activity A(= S for near port 
cruising, M for manoeuvring and B at-berth) near the port can be found by summation over N calling 
ships. Where FCA,j,k (kg) is the individual fuel consumption of machinery j (= m for main engine, a for 
auxiliary engine and b for boiler) during each activity in each calling ship k. Fuel consumption must 
be multiplied by an appropriate emission factor 𝐸𝐹𝐴,𝑗,𝑘
𝑖  (gram of emission species i per gram of fuel)  
𝜀𝐴
𝑖 = ∑ (𝐹𝐶𝑚,𝑘
𝑁
𝑘=1 ∙ 𝐸𝐹𝑚,𝑘
𝑖 + 𝐹𝐶𝑎,𝑘 ∙ 𝐸𝐹𝑎,𝑘
𝑖 + 𝐹𝐶𝑏,𝑘 ∙ 𝐸𝐹𝑏,𝑘
𝑖 )                  (5.1) 
The fuel consumption is estimated with equations 3.23-3.26 for each different phase and machinery. 
The emission factors used are taken from Table 3.7 using fuel correction factors from Table 3.9 and 
low-load emission factors multipliers (for loads between 2 and 20% of MCR) from POLA (2012). 
Black Carbon (BC) emissions vary significantly between different engines and operating loads. More 
specifically, as BC belongs to the wide family of PM emissions the emission factor increases at lower 
operating loads. A basic factor BFBC of 0.0008 grams per gram of fuel, for propulsion engines is 
suggested (Lack et al., 2009) and when increased accuracy is required the use of emission factors 
multipliers has been suggested (Lack and Corbett, 2012). In their work, Lack and Corbett present BC 
emissions at different engine loads found in relevant studies in the literature and note an inverse 
relationship between operating load and BC emissions. The retrieved data from these studies are 
shown in Figure 5-2 where the red line depicts their suggested average emission multipliers at 
different engine loads, and the black lines show the 10 and 90 percentiles using interpolation.   
 
Figure 5-2: BC emission factor at different engine loads.  
Source: Lack and Corbett (2012) 
Using the results of Figure 5-2, an approximation for the BC emission factor is derived in eq. 5.2.  
𝐸𝐹𝑗,𝑘
𝐵𝐶 = 33.519 ∙ 𝐵𝐹𝐵𝐶 ∙ (𝐸𝐿𝑗,𝑘)
−0.754                                        (5.2) 
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In equation 5.2 the multitier is a function of the fractional load ELj,k.. Using this model and the 
assumptions of paragraph 5.2.2, the baseline emissions generation for the containership types of 
chapter 4 are estimated in Table 5.1. 
Table 5.1: Baseline emissions generation for different activity phases   
  Emissions per activity phase (kg) 
Class 
 
Near port cruise (per NM)  Manoeuvring (per call)  Berth (per hour) 
CO2 SO2 NOx BC CO2 SO2 NOx BC  CO2 SO2 NOx BC 
v.s. feeder 153 0.97 2.75 0.05  325 2.05 5.85 0.13  306 1.93 5.49 0.22 
s. feeder 177 1.12 3.19 0.06  454 2.87 8.16 0.18  421 2.65 7.57 0.30 
Feeder 245 1.55 4.4 0.08  676 4.26 12.15 0.27  622 3.93 11.18 0.45 
Feedermax 398 2.51 7.16 0.13  1136 7.17 20.43 0.41  893 5.63 16.06 0.66 
Panamax 854 5.39 22.79 0.23  2283 14.41 41.05 0.77  1563 9.86 28.11 1.19 
Post-panamax 1361 8.59 36.36 0.44  3596 22.68 64.66 1.18  2323 14.66 41.77 1.79 
New panamax 1556 9.81 41.55 0.50  4170 26.31 74.98 1.36  2659 16.78 47.82 2.06 
ULCV 1779 11.23 47.39 0.58  5328 33.62 95.8 1.73  3352 21.14 60.27 2.60 
 
Therefore, using the above estimations it is possible to examine the near-port emissions generation if 
the following information is known:  
· The period of examination 
· The number and types of vessels calling. If accurate technical information for the engines 
specifications is given, the model is more refined as it will use more accurate values for the 
SFOC of each engine and the engine loads during each operating pattern. If limited 
information is known (e.g. TEU capacity), an average containership class can be used as in 
Table 5.1. 
· The activity zone of interest near the port (for arrival and departure emissions nearby). This 
can be chosen based on either the number of residents affected by emissions generation at a 
given distance from the coast or by the port authority itself which may wish to reduce 
shipping emissions through a programme at a given distance. To facilitate comparisons, 
before illustrating the effects of pollutant dispersion from ship emissions three zones are 
considered; 12 NM which is the distance for territorial waters, 20 and 40NM which are the 
radii selected in the Californian Vessel speed reduction programmes (VSRP). 
· The actual length (time and distance) of manoeuvring operations.  In practice this varies in 
different ports depending on the berth layout. 
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· The hours the vessel remains at berth. This also varies significantly from port to port 
depending on the port equipment allocated to each ship. 
5.2.3 Modelling assumptions 
If there is unexpected queuing (e.g. the scheduled berth is busy), the vessel would wait at anchorage 
near the port. When this waiting time is significant the main engines may be switched off. In the 
meantime, the officer of the watch ensures that the readiness of main engines and anchor operating 
machinery is in accordance with the master’s instructions (VPA, n.d.). However, as this thesis is not 
dealing with the optimisation of arrival patterns, queuing phases are not considered. The model does 
not take into account weather variation. As shown in Chapter 3, extreme weather would result in a 
significant increase in power output (higher engine loads) for a vessel to maintain its speed.  
It should also be noted that for large ocean going vessels, there is a pilotage stage during which a pilot 
boards the vessel and manoeuvres it through the waters near the harbour until the berth (and will also 
assist during the departure) or in certain canals. During this stage the vessel may be assisted by 
tugboats which are directed by the pilot. The pilot stage as well as the manoeuvring phase during 
berthing and un-berthing varies across different ports and for different vessel sizes. The sailing speed 
at which these operations take place also varies (and thus engine loads of vessel and/or tugboats). 
Ting and Tzeng (2003) note that pilot-in and pilot-out times can be estimated by experienced captains. 
They present data where pilotage times vary from zero up to 6.5 hours in some ports.  
 In order to construct a comprehensive port emissions inventory to serve as the benchmark, the 
emissions of any harbour-craft assisting vessels to berth should be considered. Lonati et al. (2010) 
note that apart from tugboats and pilot boats, the emissions of other sources should be considered (e.g. 
dredgers). In their work they assume a maximum manoeuvring time for vessels of up to 0.08 days 
(1.92 hours) and note a dependency of the total time with the vessel type (shortest for general cargo 
vessels, longest for solid bulk carriers) and the vessel size. To model emissions they use different 
emission factors at each phase from the updated MEET methodology (Trozzi and Vaccaro, 2006).  
Another limitation of the model used is due to the lack of distinction between laden and ballast sailing 
conditions. In the laden case, the wet surface of a containership would be bigger and thus the 
hydrodynamic resistance would increase while the air resistance would be lower due to the lesser 
cross-sectional area of the ship above the waterline. This would result in an additional power 
requirement to move the vessel at the same speed compared to the ballast case (less cargo loaded). As 
such, the optimal sailing speed would be different for the laden and ballast case (Evans, 1988; Wahl, 
2012). For this reason, there are studies that consider an average (nominal) sailing speed and/or 
engine loads per trip irrespective of loading conditions (Corbett and Koehler, 2003). Other studies 
assume fully laden conditions on one leg and ballast on the return of a particular route (Kontovas and 
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Psaraftis, 2009; Psaraftis and Kontovas, 2010). Wahl (2012) assumes that in practice the laden speed 
is higher. He shows that the optimal laden speed for large crude carriers is approximately 0.8-1.5 
knots higher than in the ballast legs. With regards to fuel consumption, Wahl notes that the reported 
normal service speed is higher for the ballast case which essentially means that the operation of the 
propulsion engines at their optimal load when the ship is sailing ballast, results in a higher speed than 
the case of a laden trip. Psaraftis and Kontovas (2008) consider that a Post-Panamax vessel would 
spend 40% of its annual usage time in ballast conditions. Dedes (2013) notes that a laden voyage for a 
Post-Panamax vessel has less electric demands than the ballast case. 
The assumptions in the subsequent analysis can be summarised as: 
· In the baseline case, all containerships sail at engine loads of 85% MCR. 
· The SFOC is calculated based on engine curves from engine manufacturers as a function of 
the engine load, which in turn is a function of sailing speed using the propeller’s law 
· The manoeuvring activity is assumed to be 1 hour long (arrival and departure) at each 
examined port, and during this phase the main engines are considered switched off. This 
assumption is crude. However, there are currently no alternative policies in ports to reduce 
manoeuvring emissions. The examined emissions reduction actions would have limited to no 
effect on manoeuvring emissions compared to the baseline case. It is also considered that the 
manoeuvring zone is 0.5NM long. 
· The hours at berth are different at each port and have been estimated based on either 
published data in port websites (where available) or the number of ship to shore cranes and 
published TEU throughput in the port 
· The activity of the auxiliary engines is considered the same at all ports taking average engine 
loads of 30% during cruise and 23% during berth hoteling. In reality, the engine loads would 
vary based on weather conditions, time of operation (higher during night) and cargo carried 
(e.g. higher when transporting reefer containers). 
· It is assumed that ships opting to sail at lower speeds have not invested in derating kits which 
in the real world would lead to additional fuel economy due to lower SFOC at lower ELm. 
· It is considered that in ports with no fuel policy/regulation, a vessel would always use the 
highest sulphur content fuel available for all machinery. This accounts for a worst case 
scenario for sulphur emissions generation, and at the same time considers that the ship 
operator wants to minimize fuel costs. 
5.3 Modelling the potential of emissions reduction strategies 
This section models the effects of the following emissions reduction actions in the port proximity: 
· Operational slow-steaming across the journey 
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· Voluntary  near-port speed reduction schemes 
· Fuel regulations 
· Provision of AMP 
The first two actions influence the fuel consumption during sailing whereas fuel regulations may 
affect the emissions generation at either activity phase near the port. The provision of shorepower as 
an emissions mitigating method is relevant only to at-berth emissions. 
5.3.1 Slow steaming across the journey and speed limits in the port proximity 
Despite the fact that the baseline case considers that ships sail at nominal speeds at engine loads of 
85% MCR, in recent years most shipping lines have been using slow steaming to cut operating costs. 
From the port’s perspective, the slower speeds would result in reduced engine activity in the 
proximity of the port and as a result in lower emissions without any monetary costs to the port 
authority. However, for PM and BC emissions the lower engine loads together with the increased time 
of activity may increase slightly as expected based on the findings of Figure 5-2. 
 
Figure 5-3: Emissions per NM for different containership classes as a function of sailing speed 
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Figure 5-3 (a,b,c) show that the plotted curves follow the trend of the fuel consumption curves plotted 
in chapter 4 with little differences between the different pollutants. The error bars for the sulphur 
emissions also account for sulphur content at 0.1%, 1% and 3.5% (SECA and not SECA respectively). 
In Figure 5-3b, it can be seen that a 50% reduction in speed of a ULCV travelling outside of a SECA 
zone could reduce sulphur emissions by 70%, equivalent to about 20 kg of SO2 per NM. With regards 
to NOx emissions it can be observed that the curves are steeper for the larger vessels as these use 
slow-speed engines for propulsion with higher NOx emissions. The wide error bars for BC (Figure 
5-3d) represent the uncertainty associated with the basic emission factor, the variation in the rate of 
increase for reduced engine loads and the uncertainty in the engine load at the design speed. This 
observation shows that more accurate emission factors for BC are necessary to capture the pollutants 
generated. The results of Figure 5-3d are based on the factors suggested by Lack and Corbett, taken 
based on measurements on a limited number of engines. As a result, future research should adapt 
more accurate BC modelling methodologies as those become available. 
The benefits enjoyed by the port from operational slow steaming can be estimated for different 
steaming scenarios which can either be set at specific speeds (as in Chapter 4) or by a % reduction in 
the nominal sailing speed to facilitate comparisons between different containership classes.  
The following analysis assumes that the ships would maintain a constant speed within 20NM of the 
port (arrival and departure). This excludes the last half mile which is assumed to contain the area of 
the manoeuvring activity. Therefore, a cruise mode for 39NM per call is used. The analysis is 
conducted on a percentage decrease of sailing speed for all vessel types, to consider different slow 
steaming scenarios (10-20-30 and 40% decreases relative to nominal sailing speeds).  The analysis 
then considers speed limits 18, 16, 14 and 12 knots. For vessels that nominally sail at lower speeds 
than the speed limit the not-applicable (NA) term is used. The resulting CO2, SO2, NOx and BC 
emissions for all sailing speeds scenarios of the different containership types are shown in Figure 5-4.  
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Figure 5-4: The environmental benefits (kg of pollutant per call) near a port through slow steaming (percentage speed reduction and fixed speed) 
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The estimated pollutant savings of Figure 5-4 clearly show that lower sailing speeds return higher 
savings for CO2, SO2 and NOx emissions whereas BC emissions are higher, an unsurprising result 
considering the lower engine loads of operation at slower speeds which suggest less efficient 
combustion and increased PM emissions. It can be observed also that the rate of change of emissions 
is smaller at slower speeds; the environmental benefits getting smaller for very slow sailing speeds. 
This can be attributed to the propeller law as in lower speeds the exponent used in this analysis is 
lower (becoming a cubic relationship down from 4.5 and 4.2 for high speeds) and to the increased 
SFOC at very low speeds. The results show that a speed limit can be very efficient as an emissions 
reduction measure for large and faster ships with limited effect on smaller vessels which cannot sail 
very fast. It is also evident that the effects of slow steaming as an operational measure of shipping 
lines bring significant benefits to the port. 
From the perspective of port P, the change in emissions due to speed reduction in the proximity of the 
port for n vessels k (either due to slow steaming or speed limits) Δεi,S,p can be estimated by eq. 5.3 
𝛥𝜀𝑖,𝑆,𝑃 = ∑ (𝐸𝐹𝑖,𝑚,𝑘
𝑛
𝑘=1 ∙ 𝛥𝐹𝐶𝑚,𝑆,𝑘 + 𝐸𝐹𝑖,𝑎,𝑘 ∙ 𝛥𝐹𝐶𝑎,𝑆,𝑘)                    (5.3) 
Equation 5.3 is summing over the differences in fuel consumption ΔFCm,S,k and ΔFCa,S,k (due to the 
change of sailing speed) multiplied by appropriate emission factors for each ship call. The emissions 
saved in the proximity of a port due to operational slow steaming can be contrasted with the number 
of additional vessels calls of the same type that would be required to reach the same amount of 
emissions generated in the area as with vessels sailing in nominal speed. The analysis in Table 5.2 is 
performed on a fuel consumption basis. It should be noted that this analysis considers both 
manoeuvring and hoteling emissions.  
Table 5.2: Ratio of slow steaming over normal steaming vessels to reach baseline fuel 
consumption within 20NM of a port 
Class  0.9VS  0.8VS  0.7VS  0.6VS  18  16  14  12 
v.s. feeder 1.142 1.257 1.375 1.491 NA NA 1.100 1.257 
s. feeder 1.116 1.199 1.277 1.340 NA 1.074 1.181 1.272 
Feeder 1.096 1.157 1.207 1.236 1.096 1.157 1.207 1.236 
Feedermax 1.096 1.158 1.209 1.240 1.148 1.196 1.232 1.241 
Panamax 1.090 1.164 1.223 1.271 1.175 1.225 1.268 1.293 
Post-panamax 1.094 1.177 1.256 1.337 1.216 1.282 1.350 1.413 
New panamax 1.085 1.158 1.227 1.297 1.203 1.260 1.317 1.367 
ULCV 1.069 1.128 1.181 1.233 1.170 1.212 1.254 1.289 
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The ratio depends on ship type and the proportion between propulsion and auxiliary engine loads 
during each activity. Vessels that have a higher relative auxiliary engine loads (in this case nominal 
power) tend to have lower ratio values in Table 5.2 (e.g. a ULCV). The ratio for each vessel is higher 
at lower speeds and can reach values close to 1.5. This is equivalent to maximum increase of up to 
50% for vessel calls of this type, with no additional environmental effect in the proximity of the port. 
This ratio can only be used as a subjective measure of the effects of speed reduction from the port’s 
perspective for each calling vessel as it depends heavily on the area of consideration (a larger than 
20NM zone would return higher ratio values). This analysis may also help understand the findings of 
Cariou (2011) where it was proved that slow steaming can have positive environmental effects despite 
a potential increase in vessels deployed to meet the same demand. 
5.3.2 Fuel switching in the proximity of and at the port 
In the baseline scenario, it was assumed that the fuel used in all machinery had a sulphur content of 
1%. This is the fuel content allowed in years 2010-2014 within ECAs, prior to the more strict limit of 
0.1% after January 1, 2015. This section compares the SOx savings in the proximity of ports 
depending on different regulation combinations. Under existing legislation four different levels of 
regulation appear; An EU port within an ECA (e.g. Felixstowe), an EU port outside a SECA (e.g. 
Piraeus), a port outside any regulation (e.g. Sydney) and a Californian port (e.g. POLA which is also 
within an ECA but bound by stricter CARB regulation). Table 5.3 presents the estimated SO2 
emissions (kg per call) for the different vessels in the proximity of the port assuming for comparison 
purposes the same sailing, manoeuvring and berth hours  as with the baseline case. 
Table 5.3: Fuel regulation effects on SO2 emissions (kg/call) 
Year Prior to 2015 2015-2020  Post 2020 
Port Location EU   EU   Non-EU  California   EU  EU   Non-EU 
ECA YES  NO  NO  YES  YES  NO  NO 
Sulphur (%) 
Cruise-Man 1  3.5  3.5  0.1  0.1  0.5  0.5 
Berth 0.1 0.1 3.5 0.1 0.1 0.1 0.5 
Class SO2 emissions (kg/call) 
v.s. feeder 42 
 
145 
 
196 
 
6  6  22  28 
s. feeder 55 
 
183 
 
305 
 
9  9  29  44 
Feeder 86 
 
280 
 
591 
 
17  17  48  84 
Feedermax 142 
 
453 
 
1027 
 
29  29  79  147 
Panamax 265 
 
852 
 
1899 
 
54  54  148  271 
Post-panamax 354 
 
1169 
 
2113 
 
60  60  191  302 
New panamax 413 
 
1346 
 
2695 
 
77  77  226  385 
ULCV 487 
 
1554 
 
3594 
 
103  103  273  513 
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The results illustrate the direct relationship between regulation on sulphur content and achieved 
emissions reductions. Significantly lower emissions in heavily regulated areas (e.g. in California) are 
observed. Table 5.3 shows that important improvements can be expected over the next few years and 
the entry to the new tier (post 2020). Table 5.3 only presents the differences in sulphur emissions. 
Fuel correction factors can be applied to other pollutant species based on sulphur content or use of 
LNG (POLA, 2012). It should be noted also that if a vessel is using LNG, it can be assumed that no 
SO2 emissions emerge (Kumar et al., 2011).  
5.3.3 Provision of AMP at berth 
The concept of providing shore power to vessels at berth was presented in chapter 4. This section 
models local emissions savings at the port and considers induced emissions at the source powering the 
AMP facilities. Figure 5-5 presents the energy flows, energy losses and a summary of emission 
generating sources at berth. 
 
Figure 5-5: Energy flows, losses and emissions sources at berth  
Source: Zis et al. (2014) 
In Figure 5-5 there are two types of energy losses occurring during the vessel’s hoteling activities 
when it is powered from AMP; conversion losses between the AMP unit and the vessel, and 
transmission losses from the energy source to the AMP unit. The associated efficiencies are ηs and ηt 
respectively, and DEFRA (2011) suggests values of 0.92 and 0.98 respectively. To facilitate 
comparison between different grids (in different ports), it is assumed that the coefficients for these 
losses are the same in all examined cases. Therefore, when comparing the emissions averted from the 
use of AMP in the proximity of the port with the induced emissions at the power source, these 
efficiencies must be accounted for. The fuel energy demand per call Ef,k  of ship k from the auxiliary 
engines can be found by equation 5.4 
𝐸𝑓,𝑘 = (𝐸𝐿𝑎,𝐵,𝑘 ∙ 𝐸𝑃𝑎,𝑘 + 𝐵𝑃𝑘) ∙ 𝑡𝐵                  (5.4) 
Aux. Engines at Berth AMP at Berth
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where BPk are the boiler energy demands at berth, and tB is the time spent at berth per call. Therefore, 
the AMP unit needs to cover the conversion losses which can be calculated through eq. 5.5. 
𝐸𝐴𝑀𝑃 =
𝐸𝑓,𝑘
𝜂𝑠
                              (5.5) 
Subsequently the energy from the grid accounting transmission losses is estimated through eq. 5.6 
𝐸𝑔𝑟𝑖𝑑 =
𝐸𝐴𝑀𝑃
𝜂𝑡
                                          (5.6) 
It is this amount of energy that needs to multiplied with the grid emission factors EFi,grid (kg/kWh) in 
order to allow comparisons of emissions saved locally at the port with the global balance due to AMP. 
These factors are typically non-zero considering that even in countries where RES will provide the 
power to the AMP unit, some amount of energy supply may be coming from fossil-fuels in order to 
accommodate the variations in energy demands. As explained in chapter 4, there are significant 
variations in different countries and as a result the global benefits (or burden) through the use of AMP 
will vary. The potential for global emissions reduction (kg per hour at berth) from using AMP is 
illustrated in Figure 5-6 as a function of EFi,grid for the examined ships. 
 
Figure 5-6: Balance of global emissions when using cold ironing as a function of grid emission 
factors, for indicative containership classes 
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The error bars in the four plots depict the variation in energy demands for different ELa,b (10, 23 and 
60%). For all four plots it can be easily observed that the emissions balance is a line that for low 
ERi,grid values is positive and will become negative at less clean grids. The point where each line 
intersects the x-axis is essentially the point where the grid emissions factor considering conversion 
and transmission losses is equal to the emissions factor of the auxiliary engine.  Assuming a SFOCa,b 
of 220 g/kWh and an emission factor of 3.17 for CO2 the emission rate for an auxiliary engine is 
around 697 (g/kWh). Comparing this to an emission rate of a coal burning powerplant at 940g/kWh 
(IEA, 2012) it is clear that whether AMP provides a clean solution depends on each country. With 
regards to SO2 emissions (Figure 5-6b), these have been estimated for 0.1% sulphur fuel and therefore 
the plot is conservative for the estimated savings of AMP. It is noteworthy, that for figure 5(d), the 
intersection of each line with the x-axis is different for different ELa,b due to the nature of BC as a 
pollutant (higher emission rates at low loads). 
It is therefore possible to estimate the absolute change Δεi,B,p in emissions when n vessels are calling 
in one port and are using AMP. This change is equal to summing over all vessels the difference 
between avoided emissions of auxiliaries at berth (emission factor 𝐸𝐹𝑖 multiplied by fuel consumption 
at berth 𝐹𝐶𝑎,𝐵,𝑘) with induced emissions at the source (multiplying the grid emission factor 𝐸𝑅𝑖,𝑔𝑟𝑖𝑑   
with the energy demand from the grid  𝐸𝑔𝑟𝑖𝑑  ) as in eq. 5.7. 
𝛥𝜀𝑖,𝐵,𝑃 = ∑ (𝐸𝐹𝑖
𝑛
𝑘=1 ∙ 𝐹𝐶𝑎,𝐵,𝑘 − 𝐸𝑅𝑖,𝑔𝑟𝑖𝑑 ∙ 𝐸𝑔𝑟𝑖𝑑)                  (5.7) 
5.4 Potential benefits from the terminal’s perspective 
From equations 5.3 and 5.7, it is possible to calculate the percentage reduction of near-port emissions 
through a selected policy considering the baseline scenario where all activity phases of all calling 
vessels are estimated. This estimation is depicted in equation 5.8: 
𝛥𝜀𝑖,𝑃 =
𝛥𝜀𝑖,𝑆,𝑃+𝛥𝜀𝑖,𝐵,𝑃
𝜀𝑖,𝑆+𝜀𝑖,𝑀+𝜀𝑖,𝐵
∙ 100                                                        (5.8) 
Where the numerator is the sum of all emissions reductions through the selected policies at the near-
port cruise activity (S) or at berth (B) and the denominator is the sum of emissions generated in the 
baseline case from all calling vessels. It is then possible to estimate the effectiveness of any proposed 
policy from the port’s side, and compare this number with the estimated annual growth in handling 
volumes of the port and whether the policies/technologies can compensate the increased emissions 
due to the additional cargo. This section examines the potential in reductions from the port’s 
perspective for six different ports considering operational slow steaming, fuel policies, speed 
reduction programmes and cold ironing. The same methodology can easily be transferred to model 
additional policies and or use of technologies. It should be acknowledged that at this stage, the 
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methodology only estimates savings compared to the maritime component of the port’s activity, 
neglecting other sources of emissions.  
5.4.1 The examined terminals 
The ports examined in this chapter and the associated data are taken from a study of 6 theoretical 
container terminals of similar throughput (1million TEU per year) to facilitate comparisons. Sample 
vessel data from real ports (Los Angeles, Virginia, Felixstowe, Sydney, Piraeus and Hamburg) were 
used to differentiate among different terminal roles (gateway, transhipment) and mixture of container 
vessels of various sizes. In addition, for some of these ports (Felixstowe, Los Angeles) comprehensive 
data of all vessel calls (ships longer than 100 m) during a 2- month period were used. 
 These ports publish data on vessel arrivals and departure with accuracy of minutes and thus it is 
possible to work out the total berth duration of each call. Where data on berth duration was missing, 
assumptions were made using crane productivity data and other references of turnaround times in 
these ports. With regards to vessel specifications, the most important data deal with installed 
machinery. For some vessels this information can be retrieved online (through websites such as 
www.marinetraffic.com), for vessels where info was missing, the following assumptions were made: 
· As stated in Chapter 3, when the nominal power of auxiliary engines was not found a factor 
of 0.22 was applied to the main engine power.  
· When no information on engines installed was found, the vessels were grouped according to 
their DWT into the 8 containership classes described in the previous chapters 
· No seasonal variation is assumed on hoteling loads, weather conditions or wind patterns 
· When estimating induced emissions at the grid, average emission rates are used (Table 5.4) 
· The results are plotted as a function of % participation of vessel calls to the 
policy/technology 
Table 5.4: Energy mixture data per country and average grid emission factors  
Port Country Coal Fuel and 
LNG 
Nuclear RES (including 
Hydro) 
Others 
(including 
imports) 
EFgrid1 
CO2 
(kg/kWh) 
SO2 
(g/kWh) 
NOx 
(g/kWh) 
BC  
(g/kWh) 
Los Angeles USA 7.3 54.6 14.9 22.9 0.3 0.299 0 0.41 0.002 
Virginia USA 45.1 9.6 41.4 3.7 0.2 0.507 0.96 0.31 0.003 
Felixstowe UK 28.9 44.2 17.3 7.9 1.7 0.474 0.36 0.76 0.003 
Sydney Australia 77.9 13.8 0 7.3 0 0.901 2.1 1.3 0.003 
Piraeus Greece 55.7 30.5 0 13.8 0 0.797 0.18 1.28 0.003 
Hamburg Germany 43.4 14.9 22.8 17.8 1.1 0.441 0.52 0.72 0.003 
1
Source: Zis et al. (2014) 
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It should be noted that the ensuing case studies contain a serious amount of simplifications and as 
such, the actual emissions savings could vary from port to port. Table 5.5 shows the key data for the 
container terminals examined. 
Table 5.5: The examined terminals and the fleet mixture  
Port 
Vessel 
Calls 
 Containership Class   
v.s. feeder s. feeder feeder feedermax Panamax post-panamax new panamax ULCV 
Los Angeles 200 
Fleet composition (%) - 5.70 13.9 0.70 31.5 40.8 1.40 6.0 
tb (hr) - 24.1 27.9 30.2 48.3 51.0 74.5 82 
Virginia 1750 
Fleet composition (%) 1.00 1.90 5.30 19.1 56.7 14.9 1.1 - 
tb (hr) 9.50 10.3 11.2 13.2 14.6 15.7 17.8  
Felixstowe 1620 
Fleet composition (%) 4.50 6.80 23.9 11.4 15.9 18.7 11.4 7.4 
tb (hr) 5.00 8.10 11.3 13.5 18.0 21.0 25.0 27.8 
Sydney 627 
Fleet composition (%) 1.90 4.00 5.60 20.4 29.8 38.3 - - 
tb (hr) 6.20 11.3 16.5 23.5 26.8 31.0 - - 
Piraeus 292 
Fleet composition (%) 13.7 17.1 20.6 16.1 21.4 11.1 - - 
tb (hr) 4.50 13.5 9.50 14.0 15.7 21.3 - - 
Hamburg 1900 
Fleet composition (%) 1.60 2.50 4.10 4.90 18.5 45.6 13.4 9.4 
tb (hr) 4.40 6.10 8.90 12.0 19.2 22.9 36.5 43 
Containership Design Speed (knots) 15 17 20 22 23 24 24.5 25 
5.4.2 Determination of cruise zone under consideration 
Selecting the activity zone for each port is a critical decision in estimating the emissions savings as a 
percentage of the baseline case. The Californian ports are operating speed reduction schemes in a two-
tier system of 20 and 40NM. However, these distances may be too large for some ports. Previous 
studies of similar port emission reduction policies considered zones of 12 NM (territorial waters) as 
an appropriate radius. Should a port authority develop a similar scheme to the VSRP in California, it 
would be reasonable to assume that the zone distances would be chosen based on the previous and 
next calling ports of each vessel call. For example, Table 5.6 presents the main direct routes from and 
to the port of Felixstowe (during June 2012). It can be seen that the majority of its vessel calls were 
either arriving from or departing to the port of Rotterdam. 
Table 5.6: Distances of ports from the port of Felixstowe and percentage of linked calls 
Trip to/from 
Percentage of trips 
Distance one leg (nautical miles) 
Policy % of trip 
 12 20 40 
Rotterdam 38.1% 120 10.00 16.67 33.33 
Antwerp 10.3% 136 8.82 14.71 29.41 
Bremerhaven 7.1% 327 3.67 6.12 12.23 
Hamburg 7.9% 381 3.15 5.25 10.50 
Piraeus 1.6% 2827 0.42 0.71 1.41 
Newark 0.8% 3195 0.38 0.63 1.25 
Singapore 2.4% 8184 0.15 0.24 0.49 
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In the satellite image in Figure 5-7, three circles of the aforementioned radii are plotted between the 
port of Felixstowe and the port of Rotterdam. 
 
Figure 5-7: Satellite image of the ports of Felixstowe and Rotterdam for radii of 12, 20 and 40 
NM (green, blue and red respectively) Source: Google Earth 
It would therefore seem unrealistic that a vessel that travels between these two ports would participate 
in a voluntary scheme in both ports at zones of 40 NM as this would be a very long distance relative 
to the full trip. In contrast, the Californian ports have developed the VSRP for OGV that embark on 
very long voyages and as a result the speed reduction zone is very small in comparison. 
5.4.3 Benefits of operational slow steaming 
The first case study examines the port benefits for operational slow steaming for calling vessels under 
the same scenarios as in section 5.3.1 for a zone of 20 NM. Figure 5-8 presents the allocation of 
emission pollutants (tons) from the three different activity phases (near-port cruise, manoeuvring, 
berth) and contrasts a sensitivity analysis on sailing speed for the four examined pollutant types 
assuming all calling vessels are slowing down.  
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Figure 5-8: comparison of port emissions during cruise for various slow steaming scenarios, 
manoeuvring and at berth activity phases 
Comparing the baseline emissions (nominal sailing) to the manoeuvring and berth emissions, it is 
evident that the largest contributor to a port’s footprint depends on the port’s characteristics and the 
vessels calling at it. In all cases, the manoeuvring emissions are very minimal contributors. However, 
it should be noted that this can be partly attributed to the assumption that the manoeuvring phase only 
lasts for 30 minutes at all ports and that tugboat emissions have not been accounted for.  
For ports with very long berth durations (e.g. Hamburg, Los Angeles, Felixstowe) the berth emissions 
are their highest due to the increased berth activity time (cruise activity time is considered the same at 
each port) . On the contrary, the port of Virginia sees a significant larger contribution from near-port 
cruise due to the relatively short calls. The CO2 and NOx emissions are directly connected to fuel 
consumption and therefore, similar trends are observed in the allocation of emissions. It can be seen 
that NOx emissions at berth are relatively lower than CO2. This is a result of auxiliary engines having 
a lower emission factor compared to main engines. Similarly, the SO2 emissions allocation follows 
the trends of CO2, with the notable exception of the port of Piraeus which is unique due to the 
regulation of sulphur content only at berth (as an EU port that is not bound by an ECA).  
Another observation that can be drawn from Figure 5-8c is that the VSRPs are appropriately marketed 
as NOx emissions reduction measures since for all ports and steaming scenarios the majority of NOx 
emissions always arise from near-port cruise. It can be seen that lowering speeds results in significant 
reductions to CO2, SO2 and NOx emissions but in increases to BC emissions. Therefore, an emissions 
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trade-off arises during these slow steaming scenarios. Based on the findings of Figure 5-8, it is 
evident that operational slow steaming bears significant benefits for the port authorities at essentially 
no cost (apart from a small increase in PM and BC emissions). It should be acknowledged that the 
reductions due to operational slow steaming may be smaller due to a potential increase of vessel calls 
if the transport demand remains the same. Finally, if sailing speeds return to the nominal levels, the 
port authority could opt to develop VSRPs to address the local emissions issue, while a mandatory 
policy could also be considered similar to the ECAs from the IMO for near coast activity in some 
areas. 
5.4.4 Effects of past, present and future regulation policies to the port’s footprint 
The effects of fuel regulation to pollutant emissions are a recurring theme in the literature. In Chapter 
4, the most famous fuel regulations from the IMO, the EU and other bodies were presented. Using the 
activity in the port of Los Angeles as a conceptual baseline, Figure 5-9 presents the differences in SO2 
emissions (tons per year) for all possible combinations of sulphur content restrictions (within or 
outside ECA, at or not at an EU port) from 2005 up to post 2020. The analysis is conducted including 
cruise activity within 20NM of the port (arrival and departure), manoeuvring activity and at-berth 
emissions. The majority of the examined ports are currently bound by the ECA regulation of the post 
2015 limits, with the exception of Piraeus and Sydney. Piraeus is only bound by the EU directive on 
at-berth fuel used, while the port of Sydney does not belong in an ECA or the EU.  
 
Figure 5-9: Conceptual effects of different sulphur content regulations on annual SO2 emissions 
(tons) for the port of Los Angeles 
Figure 5-9 clearly shows that sulphur emissions in the proximity of the port are following a declining 
pattern for all possible locations. Following the next round of regulation (post 2020 limits), SO2 
0
200
400
600
800
1000
2005-2012
0
200
400
600
800
1000
2012-2015
0
200
400
600
800
1000
2015-2020
0
200
400
600
800
1000
2020 onwards
0
100
200
300
400
500
600
700
800
900
2005-2012
EU - ECA Not EU -  ECA EU - Not ECA Not EU - Not ECA
A
n
n
u
al
 S
O
2
 e
m
is
si
o
n
s 
(t
o
n
s)
 
 
 
 
P a g e  | 123 
 
emissions will be negligible compared to previous years. However, this clearly raises the question of 
whether there will be sufficient quantities of low-sulphur fuel to meet the demands for the shipping 
fleet. It should be noted, that the results of Figure 8 are under the assumption that all calling ships 
would always use the fuel with the maximum sulphur content allowed (due to lower prices).  
5.4.5 Participation to a VSRP for various different speed limits 
This section considers the benefits a port would enjoy if it deployed a speed reduction programme at 
12, 14, 16 or 18 knots targeting all containership calls for a zone of 20 NM. The analysis presumes 
that each ship at each port would see the same reduction in absolute terms of its emissions during 
arrival and departure when respecting the speed limit. However, due to the different ‘mixture’ of ships 
calling as well as the very different berth durations, the results in relative terms (percentage reduction) 
vary significantly for different ports.  Figure 5-10 (a) – (d) illustrate the reduction results for CO2, 
SO2, NOx and BC emissions as a percentage of the baseline case (including manoeuvring and at-berth 
emissions). The resulting emissions savings through a 12 knot speed limit (similar to the low-tier 
VSRP at POLA and POLB) are presented for participating vessels in decreasing order of size for all 
examined ports. In other words, the x-axis presents the percentage of vessels participating in the 
VSRP starting with the largest vessel. 
 
Figure 5-10: Emissions reduction potential through a VSRP in a 20 NM zone, Vl at 12 knots 
The convex nature of the curves indicates that from the port’s perspective it is more beneficial to 
persuade larger vessels to participate in VSRPs (higher tangent observed). This is a direct 
consequence of the fact that most OGV’s have higher nominal sailing speeds, and as such the drop in 
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speed is larger in comparison to smaller vessels. Figure 5-10 a, c are almost identical, with very 
minimal differences in the percentage reductions for larger vessels where the 𝐸𝐹𝑚,𝑘
𝑁𝑂𝑥 (propulsion 
engines) is different to 𝐸𝐹𝑎,𝑘
𝑁𝑂𝑥 (auxiliaries). In contrast the same 𝐸𝐹𝑚,𝑘
𝐶𝑂2is used throughout. A 
significant difference is observed in the performance of the port of Piraeus where the SO2 emissions 
savings are much higher in comparison to other ports. This can be attributed to the fact that fuel at 
berth is regulated (0.1% sulphur) and thus the majority of emissions in the port arise from near-port 
cruise and manoeuvring activities. In the other ports where the same fuel is used in all three activities, 
it can be seen that the reduction potential follows the same trend as Figure 9a (and thus a direct 
consequence of fuel savings). The greatest reductions potential is found in Felixstowe, Piraeus and 
Virginia where the berth duration is shorter in comparison and thus the majority of the emissions 
generation is attributed to the near-cruise phase. Finally, for all ports it is obvious that a VSRP would 
lead to an increase in BC emissions by up to 15%, which is consistent with findings in the literature 
(Lack and Corbett, 2012) that the reduced engine loads will lead to increases in PM emissions. 
The role of the speed limit is very important to the emissions reduction potential of a VSRP program. 
Figure 5-11 (a-d) contrast the emissions savings for different speed limits for the port of Los Angeles 
calls only, to illustrate how the potential is reduced at higher speed limits. A similar drop in emissions 
savings can be expected for all other ports at varying speed limits. 
 
Figure 5-11: The role of speed limit Vl (knots) in a VSRP’s success to reduce pollutant emissions 
Figure 5-11 shows that for all speed limits, prioritizing the larger vessels would return increasing 
emission savings (with the exception of course of BC emissions). It can also be seen that reducing the 
speed limit from 18 to 10 knots would result in a more than double BC emissions whereas the other 
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pollutants would not be halved. Therefore, a very low speed limit may not be advantageous, 
notwithstanding the fact that it would be less appealing for compliance by the calling vessels 
(assuming the VSRP is voluntary). 
5.4.6 Emissions reduction potential of using AMP 
The emissions savings from vessels relying on AMP to power their hoteling activities can be 
distinguished into local savings that the port enjoys and global savings (or additional emissions) if the 
at-source emissions are accounted for. Essentially the local savings are equal to the activity of all aux. 
engines of vessels using AMP. Therefore, the shipping emissions inventory of a port would comprise 
of near-port cruise, manoeuvring as normal while at berth only aux. boilers would contribute. Overall, 
the highest emissions reduction potential would be present for ports with relatively longer berth 
durations. Looking at specific pollutants, it can be expected that SO2 emissions reductions can be 
expected for non-EU and non-SECA ports where the baseline (relying on auxiliary engines) SO2 
emissions would be significant due to the higher sulphur content. Compared to VSRP programmes, 
the provision of cold ironing for all vessels can prove more challenging due to the barriers in the 
implementation of AMP described in chapter 4 and the required investments for ship owners and port 
authorities. Figure 5-12 shows the potential for emissions savings (percentage of the baseline case) 
considering a 20NM zone for all ports and only looking at emissions savings in the port proximity.  
 
Figure 5-12: Local emissions reduction through cold ironing  
Figure 5-12 confirms the expectations that ports with higher berth durations would enjoy more 
benefits and in particular the port of Los Angeles could see reductions of up to almost 60%. This fact 
indicates that Californian ports do well to invest in mandatory AMP provision to improve local air 
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quality. The lowest performance for all pollutants can be observed for the Piraeus and Virginia port 
where vessels stay at berth for shorter periods in comparison, while sulphur emissions savings are 
almost negligible (compared to the port’s footprint) for the heavily regulated (at-berth only) port of 
Piraeus. Figure 5-13 shows the AMP emissions reduction potential globally considering grid 
emissions. 
 
Figure 5-13: Global emissions change through cold ironing 
Figure 5-13 shows a more complete analysis that accounts for offset emissions at the grid. It shows a 
clearer picture on the actual effects of AMP and the fact that for some grids and some pollutants the 
environmental balance is negative. Most notably, in the ports of Sydney and Piraeus cold ironing is 
not advantageous in terms of CO2, due to the high grid emission factors. Figure 5-13 shows that for 
heavily regulated ports in terms of sulphur, it would be preferable that ships rely on conventional 
auxiliary engines for their hoteling demands. Interestingly, for the port of Sydney where currently no 
sulphur content limit applies for fuel used, the use of cold ironing is advantageous despite the fact that 
Australia heavily relies on coal for its energy production. For all ports and grids, NOx and BC 
emissions are lower when cold ironing is deployed. 
5.5 Economic implications of emissions reduction actions to 
the port 
The previous emissions reduction options have economic repercussions to the participating/complying 
vessels and/or to the port authority. The former will be explored in Chapter 6, while the implications 
of such actions to the port will be presented in this section. In the previous analyses, it was assumed 
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that operational slow steaming was a decision of the shipping line and thus the environmental benefits 
enjoyed by the port authority would not bear costs. In reality, slow steaming would have some 
repercussions to the port authority as there could be differences in the number of vessel calls. An 
increase in calls can be anticipated if sailing speed decreases while the transport demand remains 
steady.  The berth duration for each ship would decrease, which would not only have environmental 
consequences but presumably it would also affect the port revenue.  
5.5.1 Implications of VSRP 
With regards to a VSRP, it can be assumed that the port authority may opt to compensate participating 
vessels. Let RS,k be the monetary incentive for a successful compliance of vessel k to the port’s VSRP. 
The annual costs to the port authority P could be calculated when n ships participate by summing the 
costs for each individual ship call k: 
𝐶𝑆,𝑃 = 𝐶𝑆,𝑂,𝑃 + ∑ 𝑅𝑆,𝑘
𝑛
𝑘=1
                                                                                                                                                       (5.9) 
Where CS,O,P represents any operational costs for the implementation of the VSRP which could 
include staff costs, use of monitoring equipment for participation. In the Californian ports, a deduction 
of 15 and 30% is granted for the port dues of the first day of dockage for all OGVs that reduce their 
speed for at least 90% of their annual calls in a 20 or 40NM zone respectively. Port fees are decided 
based on the length of the vessels. Using equations 5.3 and 5.9 the cost 𝐶𝑇𝑆,𝑃
𝑖  through a VSRP to port 
authority P to abate one ton of pollutant i can be estimated through equation 5.10. 
𝐶𝑇𝑆,𝑃
𝑖 =
𝐶𝑆,𝑃
𝛥𝜀𝑖,𝑆,𝑃
                                                                                                                                                                      (5.10)
            
Considering that each call would be awarded with a sum equal to the 15% of the port fees in POLA 
for one day, Figure 5-14 shows the annual costs per port for different compliance rates. The cost per 
reduced ton of CO2 is also plotted and it can be seen that this value varies from port to port but the 
values range between 18 and 48$ (USD) per ton of CO2 abated. 
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Figure 5-14: Indicative costs of a VSRP for each port according to participation rates 
(decreasing order of ship size) 
Figure 5-14 shows that for most ports the costs per ton increases as smaller vessels participate in the 
program. However, the results presented in  Figure 5-14 are based on the port fees as these are 
charged for each vessel in POLA (port fees as a function of ship length), and therefore the actual costs 
per ton are only indicative in this analysis to facilitate comparisons. Port authorities should consider 
different incentives provided to vessels according to the VSRP specifications they deploy, the visiting 
fleet and their current tariffs per vessel type. It should also be acknowledged that this analysis is not 
looking at the feasibility of participation to the VSRP from the ship operator’s perspective. According 
to the findings of Linder (2014), most vessel operators that participate in the VSRPs in California do 
so with economic costs due to either a delay in their trip for time lost at the VSRP zone, or due to 
increased fuel consumption outside the zone to meet the ETAs. This issue is explored in Chapter 6. 
5.5.2 Implications of AMP 
The port authority needs to invest heavily in order to be able to provide AMP to ships. Typical 
infrastructure (I) costs per berth CAMP,I,P for a port (P) are in the range of 1.5 million USD. The annual 
costs borne by the port authority will therefore depend on: 
· the number of berths NB able to provide shorepower,  
· the annual operating costs CAMP,O,P(including maintenance, staff costs)  
· the number n of vessels k using AMP at their calls,  
· the price Pgrid per kWh sold by the grid,  
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· the price PAMP,k per kWh sold to the calling vessel k,  
· monetary incentives RAMP,k provided to a ship to influence a decision to use AMP and finally  
· potential subsidies SR,k provided to a ship towards retrofitting costs  
The previous are summarised as annual costs, assuming a discount rate of rP in equation 5.11. 
𝐶𝐴𝑀𝑃,𝑃 = 𝑁𝐵 ∙
𝐶𝐴𝑀𝑃,𝐼,𝑃+𝐶𝐴𝑀𝑃,𝑂,𝑃
(1+𝑟𝑃)
𝑡 + ∑ (
𝑆𝑅,𝑘
(1+𝑟𝑃)
𝑡 + 𝑅𝐴𝑀𝑃,𝑘 + 𝑃𝑔𝑟𝑖𝑑 ∙ 𝐸𝑔𝑟𝑖𝑑,𝑘 − 𝑃𝐴𝑀𝑃,𝑘 ∙ 𝐸𝐴𝑀𝑃,𝑘)
𝑛
𝑘=1                        (5.11) 
The economic feasibility of cold ironing therefore depends on more parameters than a simple VSRP. 
With the exception of California where AMP is heavily promoted and complemented by regulations 
that enforce OGVs to use it, it can be expected that a vessel would only use AMP if it is financially 
beneficial. Therefore, it can be expected that the fuel price will be a key factor as to whether a vessel 
relies on AMP, and particularly in ports bound by either ECAs or EU regulations (demanding pricier 
ultra-low sulphur fuel at-berth). The economics of cold ironing has been a recurring theme in 
technical and academic literature with most studies emphasizing the importance of prices per kWh 
(Winkel et al., 2015; Papoutsoglou, 2012; Fiadomor, 2009; Sisson and McBride, 2008). The 
economics of cold ironing will be further explored in Chapter 6 on an individual ship basis. 
5.6 Concluding remarks 
This chapter enhanced the modelling framework of Chapter 3 to allow the estimation of the potential 
in emissions reduction of the main actions described in Chapter 4. A number of case studies was 
presented to illustrate the importance of key port and vessel characteristics. The results suggest that 
the efficiency of each policy depends heavily on the visiting fleet at each port, the turnaround time at 
each terminal and the specifications of the policy/action deployed. The effects of fuel regulation were 
shown to be very important for SO2 emissions. At the same time, fuel policies act complimentary and 
increase the benefits of other emissions reduction actions. Operational slow steaming which 
resurfaced in recent years was shown to have very positive effects in the near-port emissions without 
incurring direct monetary costs to the port authority.  
A number of speed limits were examined to hypothetical VSRPs in the case study ports, and a 
methodology that allows the calculation of cost per ton of abated pollutant was presented. The chapter 
also showed that there are environmental trade-offs from the port’s perspective, during operational 
slow steaming and VSRPs as these can lead to an increase in BC pollutants. Finally, the implications 
of providing AMP to ships at berth were discussed with a focus on the emerging economic and 
environmental trade-offs for different grids powering the port. Chapter 6 examines the effects of these 
emissions reduction policies to the ship operator, and considers what constitutes these actions 
desirable from their perspective as well. The results of the analyses in Chapters 5 and 6 can be used 
by port authorities and regulators to design improved emissions reduction actions. 
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Chapter 6 
_______________________ 
6 Implications of emissions reduction 
actions from the ship operator’s 
perspective 
6.1 Introduction 
The previous chapter presented the environmental consequences of emissions reduction actions in the 
proximity of a port. It was shown that the emissions savings depend on the fleet mixture visiting a 
particular port, and the number of participating vessels. However, how a ship operator decides 
whether to participate in an emissions reduction programme and the implications of such a decision 
on a ship by ship basis was not considered. This chapter will present the consequences of a complying 
decision to these actions from the ship operator’s perspective. It starts by examining the effects of 
mandatory policies for a ship operator and the economic impacts of the operating costs during each 
trip. A sensitivity analysis of the cost effects of key parameters of a vessel, associated trip and fuel 
costs, is performed. Potential responses from the ship operator to mandatory policies are discussed. 
The decision making process of the ship operator towards voluntary emissions reduction actions is 
then examined.  The modelling framework is expanded to allow contrasting of emerging 
environmental and economic trade-offs of the emissions reduction actions. The chapter concludes 
with a discussion on how certain port initiatives can be improved to bear local benefits without 
compromising the global environmental balance and at the same time be attractive to ship operators. 
6.2 Impacts of emissions reduction actions on revenue and 
costs of individual voyages 
The previously examined emissions reduction actions have economic consequences to the 
participating ship operators. Operating costs are expected to increase due to either a higher quality 
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fuel being used (when a low-sulphur fuel policy is in place) or due to a potential time delay due to 
participation in any of these actions. While an increase in fuel costs is a straightforward additional 
operating cost associated with each environmental action, the economic repercussions of added trip 
time are more difficult to estimate.  
6.2.1 Economic implications of voyage time delays 
Stopford (2009) notes that even in good market conditions, most ships would on average operate 
below design speeds. He further notes that speed is bound to change over time as newer ships may be 
delivered with lower design speeds while ageing vessels would also succumb to lower speeds due to 
hull fouling. The term ship productivity is defined as a measure of the vessel’s carrying performance. 
It is a function of sailing speed, number of loaded days at sea (generating revenue in contrast to ballast 
days, in-port or off-hire), and its deadweight utilization (cargo capacity used by the vessel since it is 
not always loaded at 100%).  
It is important to differentiate between the charterer and the ship owner and their responsibilities. 
Typically, the charterer hires the vessel for a voyage between a load and discharge port, while the 
vessel owner is responsible for paying for fuel, the crew, and port costs. Two types of clauses are 
worth mentioning here; speed and demurrage clauses (Rosaeg, 2010). These are mainly referring to 
the charter market as utilized in the bulk shipping sector. However, there are parallels to be drawn for 
other shipping markets.  The speed clause is set by the charterer to the owner that a certain speed is 
utilized commonly known as utmost despatch. Alvarez et al. (2010) note that contracts often require 
utmost despatch sailing regardless of the availability of berths at the destination policy. They 
elaborate that in some ports where the berthing policy used is first-come, first-served can actually 
provide an incentive for the ship owner to sail faster.  
Baughen (2012) breaks down a voyage into four distinct stages with different legal responsibilities for 
the shipowner and the charterer (2 stages each). The responsibilities of the shipowner entail the arrival 
within reasonable time to the loading point (port or berth) designated by the charterer and the second 
the arrival to the discharge point (again designated by the charterer). In turn, the charterer has to 
nominate the port/berth for the loading/discharge operations and secondly to perform these operations 
within a specified time. Baughen notes that reasonable time can be replaced by the term laytime when 
a set period is agreed between the parties. This often considers exceptions clauses for the suspension 
of laytime for events interfering with the voyage completion times (e.g. bad weather). Calculating the 
available laytime to be agreed in the charter is a complicated procedure.  
In general, the charterer is liable to demurrage if the loading or discharge takes longer than the 
permitted laytime. If the loading and unloading is completed before the laytime has passed, the 
charterer may be entitled to payment by the shipowner for using the ship for less time than agreed. 
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Baughen notes that typically the despatch payment is at half the daily rate of demurrage, and that it is 
agreed as a measure to encourage early completion of the voyage and the loading/unloading 
operations. Therefore, the option of slow steaming may depend on the economic balance between 
demurrage, despatch and fuel costs at each trip as well as the port policy on berth provision. With 
regards to containerships, a time delay for participating to a VSRP could theoretically be incorporated 
in the ship’s schedule. However, this would increase the generalized cost of transport for cargoes and 
as a result could lead to a loss of market (shipper would select a faster competitive shipping line 
service) or even modal splits as noted in Psaraftis and Kontovas (2010). 
6.2.2 Slow steaming and time delays 
Despite the vast amount of literature covering slow steaming, not all studies consider demurrage costs 
as a parameter to the optimal speed. Aßmann et al. (2015) do not consider demurrage and despatch 
fees when slow steaming and speed optimization is taking place, their argument being that these fees 
are relatively small. They do note however, that any monetary savings due to slow steaming could be 
shared between the cargo owners and the shipowners as these typically outweigh the demurrage costs. 
They also raise the issue of how berth policies of a first-come, first-served basis can negatively affect 
emissions reduction due to increased speeds to benefit from contract clauses due to an early discharge.  
Notteboom (2006) considers trade-offs between the time factor in liner shipping services and 
economic penalties due to delays. He attributes delays to four categories: 
· port access (for example tidal issues) 
· maritime passages (e.g. the Suez and Panama Canal) 
· terminal operations (vessel queuing or low terminal productivity)  
· crude chance (considering weather, engine faults, unexpected waiting times during bunkering 
or other ports).  
In his work, he presents some examples of demurrage and opportunity costs due to extra days at sea. 
These depend on the value of the container load, depreciation and ship capacity and he shows that 
these costs for even only one day of delay can outweigh the charter rate for a ship. 
Apart from slow steaming as an operational practice, the previous chapters explored the benefits in 
the port proximity through VSRPs, fuel regulation and cold ironing. These can all affect total voyage 
time when deployed. In cold ironing, it is expected that some time is lost during connecting and 
disconnecting the vessel to the AMP unit (pulling cables aboard, connecting them to the ship controls 
and running the ship on shorepower) which Khersonsky et al. (2007) estimate to be between 20 
minutes and 2 hours for each stage. Finally, forcing the use of the more expensive ultra-low sulphur 
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fuel may lead to speed optimization and therefore, lower sailing speeds in the ECA with voyage 
delays. 
Even if the previous delays can be justified through contract clauses (particularly for the case where 
the arrival considers approaching the port and not the allocated berth), there are opportunity costs 
associated with these delays. Therefore, any voyage time delays are not only susceptible to penalties 
from the shipper, but also effectively reduce the productivity time of the vessel. The shipowner may 
therefore opt to make up for time lost during participation in such emissions reduction actions by 
speeding up at non-regulated areas or segments of the trip. 
6.2.3 Ship owners’ perspective 
The emissions reduction actions discussed in the previous chapters could in theory involve the 
participation of all vessel types. In practice, the operator needs to consider all arising trade-offs before 
deciding to participate in a particular scheme during one or more of its vessel’s voyage. The main 
consideration in not participating is the potential increase in voyage time due to lower sailing speeds 
in a VSRP and time losses at berth. While occasionally some degree of flexibility is allowed in terms 
of hours/days (depending on each contract), long delays would not be acceptable. In particular for 
containerships which are calling many ports during each service, a delay due to a policy in one port 
can lead to a domino effect of delays to all other ports with increasing economic consequences. 
Alternatively, the ship may simply increase its sailing speed in the open seas to make up for any 
delays in the previous or next step of the service. In this case operating and environmental costs 
increase.  
For the case of a VSRP, it can be expected that the most important parameters that affect the decision 
to participate are the programmes specification (zone length, speed limit and any monetary incentive), 
the voyage characteristics (contract clauses, fuel costs and voyage distance) and potentially the social 
benefits (improved image of the shipping line/owner due to ‘green’ practices). Another important 
issue is whether the lost time due to participation in the VSRP could be invested in slow steaming 
instead. With regard to fuel policies, the majority of these are on a mandatory basis (ECAs, EU ports, 
CARB). However, there are a few port authorities currently not bound by regulation that promote the 
use of clean fuel through concession (e.g. the port of Singapore). In such cases, the decision to use 
more expensive fuel would depend on the availability of the fuel, price difference between different 
fuel types and the amount of the monetary reward at each call. For cold ironing the decision process 
should be more complicated as the shipowner may need to decide on retrofitting a vessel depending 
on how many of the calling ports visited provide AMP. Assuming that a particular vessel is then able 
to be plugged to an AMP unit, the decision on each call will depend on berth availability with AMP 
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provision, cost of fuel and cost per kWh bought from the port authority. These are explored 
quantitatively in the next section. 
6.3 Framework to examine trade-offs from the ship operator’s 
perspective during a VSRP 
The modelling framework developed in the previous chapters allowed the estimation of emissions 
generation during the various stages of a vessel’s voyage. Furthermore, it can be used to model 
potential fuel and emissions savings through the use of policy and technology. In this section the 
framework is enhanced to provide estimates of emerging economic and environmental trade-offs in a 
per vessel context for each of the emissions reduction actions examined in this thesis. 
6.3.1 Repercussions of a VSRP to a voyage 
Prior to considering the economic incentives of a VSRP for a particular trip, the effects of a 
complying decision to the voyage’s time duration needs to be considered. The time lost tlost (hours) 
during speed reduction from nominal sailing speed Vs (knots) to the speed limit Vl (knots) in the 
proximity of the port for a zone of length z (NM) can be calculated from equation 6.1. 
𝑡𝑙𝑜𝑠𝑡 =
𝑧
𝑉𝑙
−
𝑧
𝑉𝑠
                                                                                                                                                    (6.1) 
This time would be sacrificed during each participation (arrival or departure) in a scheme operating in 
one of the calling ports. However, the ship operator may opt to increase the sailing speed in the 
voyage segment outside the policy zone in order to make up for the time lost. This new sailing speed 
𝑉𝑠
𝐷−𝑧 can be estimated through equation 6.2. 
𝑉𝑠
𝐷−𝑧 =
𝑉𝑠 ∙ 𝑉𝑙 ∙ (𝐷 − 𝑧)
𝑉𝑙 ∙ 𝐷 − 𝑧 ∙ 𝑉𝑠
                                                                                                                                 (6.2) 
Where D (NM) is the total trip distance at the current leg of the service. In case there is an allowance 
of tmax (hours) for a delay to arrive to the next calling port, the new sailing speed can alternatively be 
calculated through equation 6.3. 
𝑉𝑠
𝐷−𝑧 =
𝑉𝑠 ∙ 𝑉𝑙 ∙ (𝐷 − 𝑧)
𝑉𝑙 ∙ 𝐷 − 𝑧 ∙ 𝑉𝑠 + 𝑉𝑠 ∙ 𝑉𝑙 ∙ 𝑡𝑚𝑎𝑥
                                                                                                          (6.3) 
Equations 6.2 and 6.3 show that as the policy zone length increases and the speed limit decreases, the 
necessary speed to reach the destination in time increases. On the contrary, for longer trip distances D 
and when some time delay is allowed the necessary sailing speed decreases. As stated in the previous 
section, whether a time allowance is present will depend on the existing contracts between the 
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charterer, shipowner and port authority as well as the nature of the trip. If a port operates with time 
windows, it is common that up to 4 hours is allowed for a late arrival without fiscal penalties.  
The decision of the shipowner to participate in a VSRP and increase their 𝑉𝑠
𝐷−𝑧 can be constrained by 
the maximum sailing speed Vmax the vessel can travel with. A very large policy zone (large z) with a 
low Vl on a relatively short trip (small D) may require a sailing speed higher than Vmax. This 
observation was made in the previous chapter when the case studies were examined for different 
speed limits in a 20 NM zone. Figure 6-1 shows a qualitative schematic of the previous constraints. 
 
Figure 6-1: Effects of VSRP and voyage parameters to required Sailing speed V’s 
Figure 6-1 shows Vs’ as a function of the zone length. Its convex form is a result of the growing 
required increase for larger values of z. The yellow dotted line shows that a speed limit is in place 
from the VSRP. The blue dashed-dotted line shows the nominal sailing speed of the vessel and that 
whenever there is a VSRP in place (even for a very small z) there is a requirement to increase speed 
outside the policy zone. The red dashed line depicts the maximum sailing speed Vmax of the vessel. 
The point at which this line intersects the curve of Vs’ is the maximum zone length for which the 
vessel could arrive at the next port without any delay and participate in the VSRP. Figure 1 shows that 
for longer voyages (D↑) the curve becomes less steep (as the ship has more distance to make up for 
the lost time at the policy zone) while an allowed time delay would result in shifting the curve parallel 
to the right. This qualitative representation of the relationship of the key parameters is examined in the 
next sections with appropriate case studies. 
6.3.2  Sensitivity analyses on voyage, vessel and VSRP parameters 
As stated in the previous chapters, it is assumed that vessels sail at their nominal speed when during 
normal weather conditions the propulsion engines are running at an 𝐸𝐿𝑚
𝑛𝑜𝑚 of 85% MCR. This is the 
engine load where the SFOCm is at its minimum. However, the engines can run at higher loads as 
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well. Tozer (2008) notes that during sea-trials and testing, the engines are required to run for up to 
110% of their rated output for short periods of time. Propulsion engines can run for limited periods of 
time at low loads above the 100% MCR, but that should be avoided for extended periods (MAN 
Diesel, 2006). This overload running can generally be allowed for limited periods (for example piracy 
threat) at around 1 hour per every 12 hours of operation. Running the engines at higher loads than 
100% MCR may hinder the lifetime of the engine. For this reason, it is assumed that should the 
shipowner decide to increase the sailing speed outside the policy zones, the ELm should not exceed 
100%. Therefore, the Vmax,k for ship k (using exponent n for the propeller law) can be calculated 
through eq. 6.4. 
𝑉𝑚𝑎𝑥,𝑘 = 𝑉𝑠 √
100
𝐸𝐿𝑚
𝑛𝑜𝑚
𝑛
                                                                                                                                         (6.4) 
From eq. 6.4 assuming that the engine load during nominal sailing speed is 85%, it can be shown that 
the Vmax,k is equal to ~1.056 times the Vs,k. The analysis considers as its baseline case a ULCV on a trip 
of distance D of 1000 NM entering a policy zone of length z of 20 NM and a speed limit Vl at 12 
knots. Figure 6-2 illustrates the results of a sensitivity analysis on Vs’ as a function of z where one key 
parameter is changed each time; Distance (6.2a), speed limit (6.2b), allowed delay (6.2c) and vessel 
type (6.2d). In all figures the green dashed/double-dotted line represents the baseline. 
 
Figure 6-2: Sensitivity analysis on the required vessel speed Vs’ (knots) for different z 
Figure 6-2a confirms the expectation that at longer trips the vessel can participate in VSRP with a 
smaller required increase of sailing speed. It also shows that participation in longer z is possible 
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without violating the expected time of arrival to the port given enough D. Similarly, in Figure 6-2b it 
can be seen that a lower Vl requires higher speeds  outside the policy zone while Figure 6-2c shows 
that an allowed delay can result either in slow steaming across the journey and participation in the 
VSRP (for shorter z - as the curves are starting from lower values than Vs). Figure 6-2d shows that 
slower vessels are more flexible to participate in VSRP as obviously the relative delay during the 
policy zone is smaller. To summarise the findings from Figure 6-2, for each scenario the parameters 
play a significant role in the behaviour of the ship outside the policy zone. As a result, port authorities 
should consider adjusting these programs according to their characteristics and visiting fleet. 
6.3.3  Economic effects of a VSRP 
The previous parametric analysis illustrates how the port-to-port trip will be affected following a 
complying decision to a VSRP in one of the ports. This section contrasts the local savings per 
complying call to the VSRP with the additional fuel consumption observed outside the policy zone 
due to a speed increase to secure arrival without delays. The baseline case in this section is for the 
ULCV on a trip voyage of D of 1000 NM and a VSRP of radius z of 20 NM (as in POLA). The 
sensitivity analysis is conducted on D, z and ship type and the examined trade-off is plotted as a 
function of Vl. In the subsequent analysis, it is assumed that the fuel used is the same throughout the 
journey (inside and outside policy zone the same fuel regulations apply). 
 
Figure 6-3: Effects of VSRP and voyage parameters in fuel consumption 
Figure 6-3a compares the effects of the baseline case in fuel consumption. Outside the policy zone 
there is a global penalty depicted by the purple line, while inside the policy zone the green dotted line 
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shows the fuel consumption savings (local benefit). The red line is the net difference of the two, or in 
other words the additional fuel consumption globally following a complying decision to the VSRP 
assuming a speed increase outside the policy zone to reach the port on the ETA. It can be observed 
that for any speed limit imposed, there is additional fuel consumption in the global balance as 
expected due to the changing sailing speed.  
Figure 6-3(b-d) present the effects of different parameters on this net difference (global penalty minus 
local benefit). For each graph the red dotted line represents the baseline case (ULCV on a 1000 NM 
trip with a 20NM policy zone). In Figure 3b where the varying parameter is the policy length 
(territorial waters – 12 NM, 20 - 40NM as in California and 80 NM as a theoretical analysis) it can be 
seen that for low speed limits in combination with long policy lengths the vessel cannot reach the port 
without a time violation and the respective curves start at higher speed limits. The same can be 
observed in Figure 3c for a very short trip distance (500NM). However, most notably in the sensitivity 
analysis on total trip length it can be seen that global penalty does not change dramatically for longer 
journeys. Figure 3d shows that the global penalties are higher for the larger and faster vessels (that 
carry more powerful engines), while for the slower vessels there are speed limits considered that do 
not apply (e.g. a Vl greater than 17 knots has no effect on the Small feeder class which travels slower 
at its nominal speed). In summaryFigure 3, shows that total fuel consumption increases for all 
scenarios assuming zero delay, and while a lower Vl brings more local savings to the port, the 
environmental burden increases at a higher rate. However, considering that these programs aim to 
improve the air quality affecting local residents the local savings are significant. Global reductions 
would be possible with a time delay allowance (as Figure 2c showed) and the ship operator would not 
increase sailing speed outside the policy zone.  
The developed framework allows the estimation of the maximum possible time delay for each vessel 
without triggering a global penalty (e.g. the allowed delay, during which the purple line of Figure 6-3a 
would be symmetrical to the green line on the x-axis). Each vessel-journey combination has a 
different time delay when the global balance is zero, and therefore, there cannot be a common VSRP 
for all vessel types.  
6.4 Economic and environmental trade-offs of emissions 
reduction actions 
The previous section examined how participation in a VSRP affects the overall voyage fuel 
consumption. It has shown that when no time delay is allowed there is a global increase despite the 
near-port savings. This section considers the economic and environmental trade-offs of participation 
in a VSRP, a fuel regulation policy and cold ironing from the vessel’s perspective based on 
methodologies developed in Chapter 3. 
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6.4.1  Economic trade-offs of a VSRP within regulated waters 
Figure 6-3 illustrated that if the shipowner reduces the sailing speed in a VSRP and tries to make up 
for the time lost by increasing the sailing speed outside the policy zone, there is an increase in the 
overall voyage fuel consumption. If the port-to-port distance is bound by the same sulphur 
requirement, the monetary costs per compliance can be calculated by simply multiplying the 
additional fuel consumption with the bunker price. In this case, the costs for the different 
combinations of vessel type, D, z and Vl would follow the shape of the curves of Figure 3. Linder 
(2014) conducted a survey among shipowners that participated in the VSRPs of POLA and POLB and 
found that the economic costs outweigh the monetary incentives provided for compliance. Shipowners 
are participating to improve public perception on their environmentally friendly strategy. These costs 
borne by the shipowner of ship k during each participation to the VSRP can be calculated by equation 
6.5. 
𝛥𝐶𝑉𝑆𝑅𝑃,𝑘 = 𝑡𝐿,𝑆,𝑘 ∙ 𝐶𝑡,𝑘 + 𝛥𝐹𝐶𝑚,𝑆,𝑘
𝑧 ∙ 𝑃𝑓,𝑚
𝑧 + 𝛥𝐹𝐶𝑎,𝑆,𝑘
𝑧 ∙ 𝑃𝑓,𝑎
𝑧 + 𝛥𝐹𝐶𝑚,𝑆,𝑘                         
𝐷−𝑧 ∙ 𝑃𝑓,𝑚
                    𝐷−  𝑧
+ 𝛥𝐹𝐶𝑎,𝑆,𝑘
𝐷−𝑧 ∙ 𝑃𝑓,𝑎
𝐷−𝑧 − 𝑅𝑠,𝑘                                                                                                      (6.5) 
Where tL,S,k is the time lost due to participation (if applicable) and Ct,k is the value of time for this 
particular trip. The ΔFC terms examine the difference in fuel consumption for the main (m) and 
auxiliary (a) engines within (superscript z) and outside (superscript D-z) the policy zone and Pf is the 
price fuel at each combination of location and engine fuel consumption calculated. If more port 
authorities develop schemes similar to the VSRP in California, it can be assumed that the monetary 
incentive to be provided RS,k would have to cover the costs of equation 6.5. In the Californian ports, 
the high rates of compliance to the VSRP in the first years of operation could also be partly attributed 
to the requirement of OGV’s to burn ultra-low sulphur fuel. The vessels in California were required to 
use 0.1% sulphur fuel within 24NM of California since 2008 when in all other areas outside ECAs (at 
that time only the European ECA) the allowance was on 4.5% sulphur fuel. Therefore, it would be in 
the shipowners benefit to reduce the sailing speed within the regulated waters and burn less from the 
more expensive fuel regardless of the presence of  VSRP. This relationship is illustrated in Figure 6-4. 
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Figure 6-4: Economic trade-offs with different fuel prices 
Figure 6-4a shows the economic trade-offs in the baseline case; a ULCV vessel entering a 20NM zone  
for different sailing speeds  Vreg within that zone, assuming a total trip distance of 1000NM and a 
requirement for no time delay (e.g. the vessel increases its sailing speed in the 976 NM preceding the 
CARB zone). The red line shows the additional costs of a speed increase outside the zone and the 
green the fuel cost savings within the zone as a function of Vreg. It can be observed that the two lines 
intersect at approximately 19 knots, at which point the total fuel costs are the same, while if the vessel 
reduces its speed at about 22 knots within the zone, then the maximum fuel savings are observed. 
Below 19 knots the ship operator always suffers an economic loss with the examined fuel prices 
(IFO380 at 650$/ton and MGO at 1200$/ton). 
Figure 6-4b considers the effects of increasing the regulated area within the same trip length, and it 
can be easily observed that for longer zones the potential gains of a speed differentiation are increased 
(and similarly the losses are higher for much lower Vreg). Figure 6-4c shows that increasing the 
voyage has smaller effects on the total costs with a slightly higher potential for more savings during 
the longer voyages. Finally, Figure 6-4d examines the effects of changes in the prices of the two 
different fuels used; the optimal Vreg changes significantly at each simulation as well as the Vreq where 
there is no economic impact. The results of the methodology illustrated by Figure 6-4 can be used 
from port authorities that are surrounded by ECAs and wish to create a VSRP. It allows the 
calculation of the monetary incentive Rs, the zone length distances and the speed limit Vl for each 
vessel to maximize participation rate.  
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6.4.2  Emissions trade-off of a VSRP 
The VSRP of Californian ports as well as the existing fuel regulations aim to improve the air quality 
of the target areas. It can be argued that apart from the economic implications of these policies 
another concern is the environmental trade-offs from the speed changes in each trip. The VSRPs are 
generally marketed as NOx reduction initiatives, while the fuel regulations directly aim at sulphur 
emissions. However, as shown in the previous section there can be an overall increase in fuel 
consumption and thus more emissions generation globally. This section explores this emissions’ 
trade-off between additional CO2 released during each trip versus the NOx pollutants savings in the 
regulated areas. 
 
Figure 6-5: Trade-off between NOx savings and CO2 penalties of a VSRP for a ULCV as a 
function of Vl for various D 
Figure 6-5 shows what the environmental penalty could be to reduce NOx emissions in the proximity 
of a port with a VSRP of z of 20 NM and a ULCV covering a trip of total distance at D of 1000 NM. 
The NOx savings are always the same regardless of the total distance, but the global penalties in CO2 
change with D. Considering a speed limit at 12 knots it can be observed that the NOx emissions in the 
policy zone would be reduced by 0.5 tons while globally about 75 tons of CO2 would be released if 
the vessel reaches the port without delays by speeding up outside the policy zone. It can be seen that 
this penalty is lower for longer trips (69 tons for D=4000 NM), and that for relatively high Vl the 
penalty is almost the same which can be attributed to the fact that the time delay is much lower within 
the zone and the vessel will not have to increase the sailing speed outside the policy zone significantly 
more for the longer journeys.  
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6.4.3  Economic trade-offs from AMP 
The decision of a shipowner to use AMP during one or more of their port calls depends on several 
economic facts. Most importantly, the shipowner may have to retrofit the vessel to be able to receive 
shorepower with significant capital required CR,k. An indicative cost for an OGV is reported at around 
$400000 (Arduino et al., 2011). During each year, the economic balance (cost or benefit) of ship k 
calling Nc,k times at ports with cold ironing capability (c) and receiving shore power is found by 
equation 6.6. 
𝛥𝐶𝐴𝑀𝑃,𝑘 =
𝐶𝑅,𝑘 − 𝑆𝑅,𝑘
(1 + 𝑟𝑘)𝑦
+ 𝑁𝑐,𝑘 ∙ (𝑡𝐿,𝐴𝑀𝑃,𝑘 ∙ 𝐶𝑡,𝑘 + 𝑃𝐴𝑀𝑃 ∙ 𝐸𝐴𝑀𝑃,𝑘 − 𝐹𝐶𝑎,𝐵,𝑘 ∙ 𝑃𝑓,𝑎 − 𝑅𝐴𝑀𝑃,𝑃,𝑘)         (6.6) 
Where SR,k is a potential subsidy provided by a port towards retrofit costs and the first term (fraction) 
is the present value of the initial retrofit costs y years after the retrofit assuming an interest rate rk. The 
term tL,AMP,k is the time lost during each call for plugging and unplugging the vessel with a value of 
time Ct,k. Finally, RAMP,P,k is any incentive provided per call from the port authority P to the vessel. 
From equation 6.6 it can be assumed that if the vessel is already able to connect to shorepower (as 
newly built vessels are designed to be), the decision to use AMP or not at each call will depend on the 
price per kWh as sold by the port authority, any additional monetary incentive provided, the cost per 
ton of fuel at berth and the AMP-berth availability during each call. While the provision of a 
monetary incentive during each cold ironing vessel call has not been introduced in port authorities, a 
deduction in the price per kWh sold has been considered in some cases as a means to promote the use 
of AMP. 
6.5 Social costs and pollutants dispersion 
In Chapter 3 a methodology that calculates emissions generation from vessel activity was presented. 
The modelling framework allows the estimation of potential emissions savings from port authority 
initiatives along with their associated costs, as well as the offset emissions that can be triggered during 
each call. However, the framework has not considered the externalities of the examined emissions 
reduction actions. For instance, the near-port residents would enjoy reduced levels of harmful 
pollutants. The presented framework allows the estimation of emissions generation, but does not 
consider the emissions concentration near the port.  In addition, if the maritime sector was to be 
inducted to emissions trading schemes - ETS (cap and trade or taxes) the economic balance of the 
emissions reduction actions would change significantly. This section discusses typical cost of 
abatement per ton of some pollutant species, and the role of pollutants dispersion in the proximity of 
the port. 
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6.5.1  Emissions trading and cost of abating different pollutants 
The examined emissions reduction actions were shown to result in additional costs for either the 
shipowners or the port authorities. Michaelowa and Krause (2000) considered that the most effective 
way to mitigate shipping emissions is through economics in the form of either emissions trading or 
taxes. The emissions trading schemes are a market-based idea to regulate pollution through economic 
incentives when reductions in pollutants are achieved. A regulator sets a limit (or cap) on the 
allowable quantities of a pollutant and then allocates this limit to the polluting firms or industries. 
Following this, a firm that performs well and emits less than their allocated levels, can sell their 
additional permits to firms that emit more than their level. The most famous emissions trading system 
is the European Union (EU ETS) which is the biggest and oldest (launched in 2005) and covers CO2, 
N2O and perfluorocarbons (PFC). In the USA, the EPA has created the Clean Air Markets on a 
national level with the purpose of reducing acid rain and NOx emissions (EPA, 2013). Similar 
schemes operate in other countries (Australia, New Zealand, Switzerland and more), while through 
the Kyoto Protocol program trading across different nations was made possible since 2007. 
Hepburn (2007) notes that carbon trading markets are expanding and the main impact will be a shift 
of financial flows towards the cheapest methods of abatement It is expected that ETS will expand to 
more sectors and new countries. Currently the maritime sector is not a part of any ETS though 
Egenhofer (2007) considered that the European Commission could propose the inclusion of the sector 
in the EU ETS. If this happens in the near future, one challenge would be how to allocate emissions to 
the different stakeholders (shippers, shipowners, port authorities or even countries).  However, it can 
be expected that the previous emissions reduction actions can be further utilized, particularly if the 
cost per abated ton is less than the ETS permit price. Cullinane and Cullinane (2013) note that the 
MEPC considers three types of market-based mechanisms to reduce emissions by investing profits to 
tackle climate change effects in developing countries:  
· pooling a fund for GHGs from ships where flag states would contribute based on their 
emissions, 
· a global emissions trading scheme dedicated to the shipping sector with an open cap 
· a trading scheme using energy efficiency credits that would be linked with the EEDI. 
 There are some studies on maritime emissions that have attempted to evaluate the social cost of 
emissions. Song (2014) notes that the social cost ($ per ton of pollutant) varies across different 
locations, presumably due to the fact they are highly locally sensitive and provides a set of ranges in 
the price per ton of pollutant for the most common pollutants based on a literature review. In his study 
on the social cost of ship emissions in the Shanghai Yangshan, port he uses the following values for 
the examined pollutants of this thesis: CO2 $29/ton, NOx $10,687/ton, SOx $12,329/ton and for PM2.5 
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$85,771/ton. Therefore, it can be argued that sacrificing additional tons of CO2 in the high seas for 
reductions of the more expensive pollutants (due to the associated health impacts to residents 
affected) can be financially beneficial if in the future these are inducted into ETS schemes. 
Nikopoulou et al. (2012) are evaluating financially abatement options for NOx and SOx emissions 
within ECAs in Northern Europe. They compare the payback period for such investments with and 
without a cap-and-trade market for these emissions. They show that such systems can be very 
beneficial in providing incentives for emissions reduction where the abated emissions can be traded 
for a financial benefit. They do acknowledge the difficulty of the unit volume prices for SOX and NOx 
but nevertheless manage to show promising results using the lowest possible values per ton of 
pollutant. 
6.5.2  Dispersion of pollutants near the port3 
The existing emissions mitigation policies and initiatives target the generation of pollutants by either 
reducing fuel consumption or promoting cleaner practices (use of filters/scrubbers, electricity, cleaner 
fuels). However, particularly for near-port actions the target is to protect the affected population from 
harmful concentrations of pollutants. Chapter 3 presented the main pollutant species generated from 
internal combustion engines, and provided a series of allowed concentration limits for the most 
relevant pollutants. Concentrations of pollutants can be determined either through use of ambient air 
monitoring technology or by source monitoring; e.g. measuring emissions directly from the fixed or 
mobile emissions source (NACAA, n.d.).  
Alternatively, computer models can be used to predict the levels of pollutant emissions from the 
different sources using computational fluid dynamics (CFD) to estimate the dispersion of pollutants. 
The necessary data for a CFD model are the emissions generation calculations and meteorological 
factors such as wind speed and direction, air temperature and information on atmospheric turbulence 
(categorized into six different stability classes by Pasquill - 1961). Saxe and Larsen (2004) used a 
meteorological air quality model to estimate dispersion of air pollutants from ships in three ports. 
They found that these are only a fraction of the EC limit values. However, they do note there is a risk 
for health problems to people living or working near the ports.  Murena et al. (2013) placed emissions 
monitoring sensors in the port of Naples for 15 days in April and 15 days in November 2012, and 
estimated the spatial distribution of pollutants from the exhaust of ships being in the port at these 
times. The results showed that the emissions concentrations were below EU values apart from some 
spikes measured. Ideally, both methods should be used to estimate the effects of ship activities in 
emissions concentrations in nearby areas of the port in order to more accurately estimate the social 
                                                          
3
 This section presents a basic Gaussian dispersion model that could be used to evaluate social costs of near port 
emissions. The fundamental methodology is described based on a book on environmental engineering (Bergeles, 
2006), and is provided as reference for potential further research on the subject. 
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cost of near-port emissions. The majority of studies on pollutants dispersion near the port only 
consider the vessels at berth (e.g. Cooper, 2003; Lonati et al., 2010) or in-port sailing (port gates to 
quays and back as in Abrutytė et al., 2014) as emissions sources.  
Most CFD models are based to the Gaussian dispersion equation used by most environmental 
protection agencies to estimate concentration of pollutants in 3D (Bergeles, 2006). For a continuous 
release of plume at rate Q (kg of pollutant per second) from a point source at height h (meters) and 
wind speed u (m/s), the concentration C (kg of pollutant per m
3
) in 3D (x, y and z in meters 
considering that the source is at 0,0,0) can be estimated by equation 6.7. 
𝐶(𝑥, 𝑦, 𝑧) =
𝑄
2𝜋 ∙ 𝜎𝑦 ∙ 𝜎𝑧 ∙ 𝑢
𝑒
−𝑦2
2𝜎𝑦
2⁄
∙   
[
 
 
 
 
𝑒
−(𝑧−ℎ)2
2𝜎𝑧
2⁄
+ 𝑒
−(𝑧+ℎ)2
2𝜎𝑧
2⁄
]
 
 
 
 
                                                (6.6) 
Where the σy and σz terms are dispersion coefficients (horizontal and vertical standard deviations of 
the emissions distribution in meters) that depend on wind speed, distance from the source, turbulence 
(atmospheric stability class) and layout (urban or rural area). The two similar terms in the brackets 
represent the contribution of the real source (z-h term) and the mirror source (z+h term) towards the 
ground. There are special forms of the Gauss equation to estimate concentrations at the ground level. 
Through differentiation the solution to the ground level concentration (GLC where z=0), its maximum 
value, and the distance from the source can be obtained. Equation 6.7 is used to describe the change of 
GLC over the quantity Q of emissions generation at the source. 
𝐺𝐿𝐶(𝑥, 𝑦, 𝑧 = 0) ∙ 𝑢
𝑄
=
1
𝜋 ∙ 𝜎𝑦 ∙ 𝜎𝑧
𝑒
−ℎ2
2𝜎𝑧
2⁄
∙  𝑒
−𝑦2
2𝜎𝑦
2⁄
                                                                              (6.7) 
Figure 6-6 shows the concentration for different effective heights h of the source (e.g. height of the 
ship’s funnel) and two different stability classes (A for very unstable and F for stable) in an urban 
setting. 
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Figure 6-6: Variation of 𝑮𝑳𝑪 ∙ 𝒖/𝑸 for different funnel heights 
 It can be observed that the maximum concentrations across the center line of the plume are observed 
in longer distances for higher funnels (larger vessels as well). The maximum concentrations are 
observed at relatively close locations to the source with significantly lower concentrations at larger 
distances. However, given the very large Q from vessels at berth or sailing at close proximity to 
shores, and sufficient wind speeds the concentrations in residential areas would be of concern. 
Equations 6.6 and 6.7 describe the pollutants dispersion in the steady case (fixed source, constant rate 
of emissions). In order to model the dispersion from vessels sailing in the VSRP zones, spatial 
transformations should be performed (in essence, the wind speed at each source should consider the 
vessel speed as well) and also consider instantaneous emissions instead of a constant rate.  
Through the previous procedure, the emissions concentration from all sources can be found and 
compared with the set limits for an indication of the efficiency of emissions reduction actions.  It 
should be noted that the wind direction governs the direction of the plume from each funnel and 
therefore, the time of day that the vessel approaches and stays at the port plays an important role in 
the calculated concentrations. During daytime the land absorbs more solar radiation than the sea and 
as a result becomes hotter, warming the air above land more than that above the sea. The warmer air 
rises into higher altitudes and therefore, the air from the sea moves towards the land (sea breeze), 
bringing more pollutants along. The opposite phenomenon is observed during night as the land cools 
down faster than the sea (due to water’s increased heat capacity). This change of wind direction can 
lead to new port policies. For example, a shift towards night operation can take advantage of the wind 
patterns to move pollutants from ships at berth away from the shore. However, this will come at the 
expense of more energy consumption for lighting requirements, booking windows, personnel costs 
etc. 
6.6 Summary 
This chapter enhanced the modelling framework used in the previous chapters by allowing the 
examination of economic and environmental trade-offs emerging during participation of individual 
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ships in an emissions reduction action developed by regulators and port authorities. The chapter 
presented the implications of these actions on time, revenue and costs of individual voyages. Section 
6.3 presented a model that can estimate the necessary speed increase outside the VSRP to ensure 
arrival on ETA or with a specified maximum delay. Sensitivity analyses on the most important 
parameters on a VSRP and an overall voyage were then performed. The identification of improved 
designs of VSRP is possible based on the vessels visiting a port, their port of origin and (next) 
destination and the increased fuel costs if the ship operator increases speed outside the policy zone (or 
the value of time lost if there is no speed increase). The results show that there cannot be a universally 
optimal VSRP for all vessel types and port combinations.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
Section 6.4 considered the economic and environmental trade-offs of emissions reduction actions. For 
all examined cases there can be a change in the global environmental balance between local savings in 
pollutant emissions and increased GHGs and fuel consumption in the overall trip. Section 6.5.1 
discussed whether a potential induction of the ports and maritime sector in emissions trading schemes 
can help further promote these emissions reduction actions. This is a very probable outcome, 
particularly given the high social costs of the targeted pollutants. Finally, section 6.5.2 acknowledged 
the need for an estimation of the pollutants dispersion and presented the basic methodology used to 
model dispersion near ports. An interesting question for further research and potentially a new port 
approach on operational measures to reduce pollutant concentrations was proposed. 
 In summary, chapter 6 presented the effects of VSRP and fuel policies to the ship operator for a 
variety of scenarios. Findings can be used to design better VSRP that will make participation for the 
ship operators easier with a smaller negative effect in the global balance. Chapter 7 builds on the 
methodology developed in chapter 6, and introduces an optimization problem that allows the 
minimization of fuel costs for a roundtrip voyage. The formulation allows minimizing operating costs 
in the presence of VSRPs in one or more of the calling ports and for different combinations of fuel-
regulated areas within a voyage. 
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Chapter 7 
_______________________ 
7 Sailing speed optimization in the 
presence of ECA and VSRP 
 
7.1 Introduction 
The previous chapters presented a methodological framework that estimates the effectiveness of 
emissions reduction actions in the port proximity from the perspectives of port authorities and 
shipowners. The roles of key parameters in the vessel, voyage and port specifications were presented. 
The emerging economic trade-offs and implications to ship operators were shown to be significant for 
the shipowners participating in voluntary emissions reduction strategies designed by port authorities. 
This chapter presents an algorithm for shipowners to decide whether to participate in the VSRP or 
AMP provided at a port. An action-reaction concept is presented to illustrate the resulting emissions 
trade-offs and the modelling framework is expanded to calculate these trade-offs. A non-linear 
programming model is then formulated with the objective of minimizing the voyage fuel costs 
through speed differentiation on a shipping line’s routes in response to regulations or the presence of 
VSRP in the segments of a journey. 
7.2 The decision making process of a shipowner towards 
VSRP 
The shipowner is assumed to participate in an emissions reduction action only when there is either a 
bounding regulation (e.g. a fuel policy in place) or when the incentive provided is higher than any 
associated costs of participation to the programme. In order to make an informed decision, a number 
of calculations need to be performed. 
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7.2.1  Compliance to one or two VSRP in a voyage 
Firstly, the shipowner must estimate the new sailing speed between two ports when either or each 
operates a VSRP. It follows from equation 6.3 that in the presence of two VSRPs the new sailing 
speed outside the policy zones 𝑉𝑠
′𝑂−𝐷 is given by equation 7.1.  
𝑉𝑠
′𝑂−𝐷 =
𝑉𝑠 ∙ 𝑉𝑙
𝑂 ∙ 𝑉𝑙
𝐷 ∙ (𝐷 − 𝑧𝑂 − 𝑧𝐷)
𝑉𝑙
𝑂 ∙ 𝑉𝑙
𝐷 ∙ 𝐷 − 𝑧𝐷 ∙ 𝑉𝑠 ∙ 𝑉𝑙
𝑂 − 𝑧𝑂 ∙ 𝑉𝑠 ∙ 𝑉𝑙
𝐷 + 𝑉𝑠 ∙ 𝑉𝑙
𝑂 ∙ 𝑉𝑙
𝐷 ∙ 𝑡𝑚𝑎𝑥
                                              (7.1) 
Where the superscripts indicate the specifications for zone length z and speed limit Vl of the VSRP of 
ports of origin (O) and destination (D). The next step is to calculate the cost 𝐶𝑠,𝑘
𝑂−𝐷 of a complying 
decision by estimating the fuel consumption for each leg of the voyage (leaving the port of Origin and 
its VSRP, sailing between two ports, entering the Destination port and its VSRP) and multiplying with 
the respective fuel price before finally adding the monetary incentive at each port for compliance. In 
the previous chapter equation 6.5 was used to estimate the costs per participation assuming that only 
one port has a VSRP. In the case where both ports run a speed reduction scheme the costs can be 
estimated by equation 7.2. 
𝐶𝑠,𝑘
𝑂−𝐷 = 𝑡𝐿,𝑆,𝑘 ∙ 𝐶𝑡,𝑘 + 𝛥𝐹𝐶𝑚,𝑆,𝑘
𝑧𝑂 ∙ 𝑃𝑓,𝑚
𝑂 + 𝛥𝐹𝐶𝑎,𝑆,𝑘
𝑧𝑂 ∙ 𝑃𝑓,𝑎
𝑧𝑂 + 𝛥𝐹𝐶𝑚,𝑆,𝑘
𝐷−𝑧𝑂−𝑧𝐷 ∙ 𝑃𝑓,𝑚
𝐷−𝑧𝑂−𝑧𝐷 + 5555𝑛           +
 + 𝛥𝐹𝐶𝑎,𝑆,𝑘
𝐷−𝑧𝑂−𝑧𝐷 ∙ 𝑃𝑓,𝑎
𝐷−𝑧𝑂−𝑧𝐷 + 𝛥𝐹𝐶𝑚,𝑆,𝑘
𝑧𝐷 ∙ 𝑃𝑓,𝑚
𝑧𝐷 + 𝛥𝐹𝐶𝑎,𝑆,𝑘
𝑧𝐷 ∙ 𝑃𝑓,𝑎
𝑧𝐷                                                             (7.2)  
In the case that 𝐶𝑠,𝑘
𝑂−𝐷 is negative, it would be financially beneficial for the vessel to participate in the 
schemes. In such a scenario, equation 6.5 can be used for participation in only one of the VSRPs and 
the respective 𝐶𝑠,𝑘
𝑂  and 𝐶𝑠,𝑘
𝐷  should be calculated. In this case compliance to the scheme with the 
lowest value (if both are negative) should be decided.  
7.2.2  Time trade-offs, slow steaming across the journey and emissions 
In the analysis so far it has been assumed that the vessel would either speed up outside policy zones to 
make up for time lost or it would suffer a delay in voyage time and the associated economic 
repercussions. The former has been examined in detail in the previous chapters. However, the latter 
raises some interesting questions on trade-offs. The shipowner may participate in a VSRP without 
changing the sailing speed before reaching the policy zone (upon arrival) at the expense of time tlost as 
calculated by equation 6.1. This tlost however could have been sacrificed instead by prolonging the 
voyage at a lower sailing speed across the full length D of the journey. In that case the new sailing 
speed across the full journey (distance D) can be estimated by equation 7.3. 
𝑉𝑠′ =
𝐷
𝑧
𝑉𝑙
−
𝑧
𝑉𝑠
+
𝑉𝑠
𝐷
                                                                                                                                               (7.3) 
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In the previous chapter it was shown that for the shipowner to participate in the VSRP the difference 
in costs ΔCVSRP,k per trip had to be negative after compliance. When considering the option of 
sacrificing the same amount of time to the time lost at a VSRP, the difference in operating costs can 
be calculated by equation 7.4, for dropping the sailing speed from  𝑉𝑠 to 𝑉𝑠′. 
𝛥𝐶𝑆𝑆,𝑘 = 𝑡𝐿,𝑆,𝑘 ∙ 𝐶𝑡,𝑘 + 𝛥𝐹𝐶𝑚,𝑆,𝑘
𝐷 ∙ 𝑃𝑓,𝑚
𝐷 + 𝛥𝐹𝐶𝑎,𝑆,𝑘
𝐷 ∙ 𝑃𝑓,𝑎
𝐷                                                                           (7.4) 
The ship operator would then need to compare ΔCSS,k with ΔCVSRP,k  to decide how it would be best to 
spend the extra sailing time (by selecting the lowest of the two as a strategy). Therefore, the monetary 
incentive provided by the port authority for the VSRP will play a crucial role in the decision. It should 
be noted however, that the port authority can provide additional motivations to convince the 
shipowner with for example, offering faster turnaround time, allowing a lengthier time window. 
Figure 7-1 presents a flowchart of the previous processes that can be used for the simulation of the 
behaviour of ships sailing in a network with different VSRP specifications. 
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Figure 7-1: Ship operator’s Decision making process for compliance with one, both or neither VSRP on a voyage between two ports 
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7.3 Sailing speed optimization 
The previous section revisited the actions of changing sailing speed to comply with a VSRP versus 
sacrificing the same amount of time through slow steaming. A simple algorithm was developed that 
allows the shipowner to decide on the action to take. The speed in the different regions is selected 
based on not violating total voyage time and not exceeding the maximum possible sailing speed. This 
section presents a model that allows the selection of optimal sailing speed at different legs of a 
particular voyage. The model can be used for planned voyages of all vessels in a shipping line’s fleet.  
7.3.1   Past work on speed models 
Speed optimization in maritime transport is a recurring theme in academic literature with most studies 
focusing on minimizing operating costs of shipping lines and quantitatively showing scenarios where 
slow steaming is optimal.  
Ronen (2011) points out that there has been little research on optimizing the sailing speed of a vessel. 
This is also noted in the literature review of operations research problems in maritime transportation 
conducted by Christiansen et al. (2007). Ronen (2011) presents a cost model that analyses the trade-
off between speed reduction and the necessary increase of vessels deployed to maintain a liner’s 
service frequency and capacity, and shows that the role of oil price is crucial to optimal speeds. 
Speed optimization on different sea legs has been proposed by Qi and Song (2012) in order to 
minimize fuel costs and vessel delays. To describe the probability of a vessel reaching a port earlier or 
later than the expected time they introduce uncertainties to port times (berth durations) and solve a 
non-linear programming problem to show that significant fuel savings can be achieved to the sacrifice 
of service levels. 
7.3.2  Speed optimization in regulated areas 
Doudnikoff and Lacoste (2014) examine speed differentiation with lower sailing speeds within ECAs 
and increases in non-regulated areas to satisfy weekly transport demand. They obtain fuel cost savings 
of up to 3% at the expense of around 4.5% more CO2 emissions. Their model does not examine the 
potential for time delays, considers a cubic relationship between engine load and does not consider the 
changes in SFOC with the changes in engine load. A more refined approach to speed optimization 
within ECA is presented by Fagerholt et al. (2015). They acknowledge that instead of burning low-
sulphur fuel some operators opt to install scrubber systems particularly for short-sea shipping within 
ECA. Their model assumes that fuel switching is always occurring when changing from regulated to 
non-regulated areas and that the switch is instantaneous though in reality that operation would require 
some time. The authors also contrast SOx benefits with CO2 penalties and argue that the ECAs 
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regulation may lead to the opposite of the desired effect as some ship operators may choose longer 
sailing paths to avoid ECAs. 
 Zis et al. (2015) formulate a fuel cost minimization problem through speed differentiation at the 
different regulated areas. The presented model considers that each vessel would always run on speeds 
that minimize voyage costs and allows the examination of participating in a VSRP in one or more 
ports. It is assumed that monetary incentives from the port authority would be on an individual call 
basis unlike the existing Californian VSRP.  
7.3.3 An optimization model for speed optimization considering fuel switching 
In waters where fuel switching is mandatory and vessels will have to burn more expensive fuel, 
shipowners have an economic benefit from reducing fuel consumption within these waters. The extent 
to which the speed can drop depends on the main voyage characteristics, length of the regulated part 
of the journey, and difference in fuel price. This can be formulated into a fuel cost minimization 
problem with sailing speeds at different regions as decision variables. Table 7.1 presents the notation 
used in the optimization problem using a similar naming convention as in the previous chapters.  
Table 7.1: Notation for the speed optimization problem 
Indices Denotes 
k Vessel 
i engine 
r Part of the journey 
p Port to port leg of the journey 
Sets  
K Vessels operating in a shipping line fleet 
E Engine types (main, auxiliary) 
R Sum of all journey areas 
Q
p
 Sum of all journey areas within a port to port distance p 
applicable for voyages where parts are susceptible to fuel regulations or VSRP 
 it follows that ∑ 𝑄𝑗𝑝𝑗=1 = 𝑅 for all 𝑗 ∈ 𝑃 
P Sum of all port-to-port journey legs 
Parameters  
P
r
 Fuel price ($/ton) in area r 
𝐸𝐿𝑖,𝑘
𝑟  Engine load of engine i of ship k sailing in area r (function of speed for main 
engines, constant for auxiliary engines) 
𝑆𝐹𝑂𝐶𝑖,𝑘
𝑟  SFOC of engine i of ship k sailing in area r (function of speed for main engines, 
constant for auxiliary engines) 
EPi,k Nominal output power (kW) of engine i of ship k 
D
r
 Distance (NM) of area r 
n Exponent to be used in propeller law  
Vs,k Nominal sailing speed of ship k assumed at 85% MCR for main engine 
Vm,k 
Maximum sailing speed of ship k. 𝑉𝑚,𝑘 = 𝑉𝑠,𝑘 √
100
85
𝑛
. 
Decision Variable  
Vr,k Sailing speed (knots) in area r of ship k 
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The objective function to be minimized is the overall fuel consumption of all engines i (propulsion m 
and auxiliary a) of vessels k within a set K of a shipping line fleet during sailing in all legs r of a set 
of R total legs. The objective function is a summation of the cost of fuel consumption of each engine 
on each vessel on each ship leg as shown in equation 7.5. Equations 7.6-7.9 represent the set of 
constraints that need to be satisfied. 
𝑀𝑖𝑛 (𝐹𝑢𝑒𝑙 𝐶𝑜𝑠𝑡) = ∑ ∑∑ 𝑃𝑟 ∙ 10−6 ∙
𝐷𝑟
𝑉𝑘
𝑟 ∙ (𝐸𝑃𝑖.𝑘 ∙ 𝐸𝐿𝑖.𝑘 ∙ 𝑆𝐹𝑂𝐶𝑖,𝑘)                                                                (7.5)
𝑖∈𝐸𝑟∈𝑅𝑘∈𝐾
 
Subject to 
𝑉𝑘
𝑟 ≤ 𝑉𝑚,𝑘                                        ∀𝑟 ∈ 𝑅, 𝑘 ∈ 𝐾                                                                                                             (7.6) 
𝑉𝑘
𝑟 ≥ 0                                              ∀𝑟 ∈ 𝑅, 𝑘 ∈ 𝐾                                                                                                             (7.7) 
∑ ∑
𝐷𝑟
𝑉𝑘
𝑟
𝑟∈𝑄𝑝𝑝∈𝑃
+ 𝑡𝑑𝑒𝑙 = ∑
𝐷𝑖
𝑉𝑠,𝑘
𝑖
𝑝
𝑖=1
      ∀𝑝 ∈ 𝑃, 𝑘 ∈ 𝐾 ,    𝑡𝑑𝑒𝑙 ≤ 𝑡𝑚𝑎𝑥                                                                                  (7.8) 
∑
𝐷𝑟
𝑉𝑘
𝑟
𝑟∈𝑅
= 𝑡𝑚𝑎𝑥 +
1
𝑉𝑠,𝑘
 ∙ ∑ 𝐷𝑟
𝑟∈𝑅
    ∀𝑟 ∈ 𝑅, 𝑘 ∈ 𝐾                                                                                                            (7.9) 
The objective function comprises of a summation of convex and non-linear functions, as overall fuel 
consumption increases exponentially with higher speeds and as seen in Figure 4-6. Convex 
optimization problems have the advantage that despite their non-linearity, they can be solved reliably 
and efficiently (Boyd and Vandenberghe, 2004). 
Constraint (7.6) ensures that the sailing speed at any region r cannot exceed the maximum possible 
sailing speed Vm,k of vessel k. Constraint 7.7 is a non-negativity constraint for all sailing speeds. 
Constraint 7.8 ensures that each vessel k arrives at port p at the expected time of arrival with an 
allowable delay tdel that cannot surpass tmax (the maximum allowed delay per port). Constraint 7.9 
dictates that the total trip duration for vessel k is equal to the planned travel time plus any potential 
time delay allowance. The EL and the SFOC are also a function of speed and therefore, the objective 
function is non-linear with respect to speed. Despite the non-linearity of the model, for small instances 
the problem can be easily solved with commercial software tools (e.g. CPLEX or MS Excel solver). 
In section 6.4.1 the sensitivity analysis performed on a policy zone’s specifications showed that there 
are sailing speeds within the regulated areas that lead to fuel savings (Figure 6-4). Solving the 
optimization problem above provides the sailing speeds at each leg that minimize fuel consumption. 
7.3.4  Speed optimization in the presence of speed limits 
The previous model allows the calculation of optimal sailing speeds in different segments r of a 
vessel’s voyage. The model can be extended to consider forced speed limits within certain areas with 
the addition of a constraint forcing sailing speed to drop to the value of the limit. This is handled by: 
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𝑉𝑘
𝑟 = 𝑉𝑙,𝑘
𝑟                         ∀𝑟 ∈ 𝑅, 𝑘 ∈ 𝐾                                                                                                                            (7.10) 
This constraint dictates that the speed limit has to be respected from the vessel. This may mean that 
for the distance Dl
r where the speed limit is too high, constraints 7.6 or 7.8 may have to be violated. In 
other words there cannot be a solution where the vessel can both respect speed limits and reach the 
port within a specified time window. Currently there are no speed limits forced in areas (apart from 
sailing in canals, near offshore wind parks etc.). This raises the question of whether speed limitation 
zones as policy measures could be effective in reducing emissions. Cariou and Cheaitou (2011) 
considered speed limits as contemplated by the European Commission as a measure of reducing 
emissions from vessels entering a port (Lloyd’s list, 2011). Their analysis examined the impacts of a 
speed limit within 200NM of ports belonging to EU countries and showed that the costs are either too 
high to achieve a reduction in CO2 or the outcome is increased CO2 emissions.  
Considering speed limits around ports as an enforced policy is a measure that would result in 
increased speeds beyond these zones (as shown in Chapter 6). An examination of a 200NM zone does 
not appear to be a sensible option as the time losses would be significant (particularly for short-sea 
shipping) and the environmental benefits for residing population would not be high enough to justify 
such a large zone. A speed limit should either be proposed in a small zone around ports, or in a very 
large area (e.g. the Mediterranean) if the motivation is reduction of CO2 emissions. A very large zone 
would only result in significant additional carbon emissions overall with limited local benefits.  
The next section considers that only VSRP in small zones around a port can be proposed in the 
immediate future, and attempts to minimize fuel costs in the roundtrip voyage when VSRP are in 
place in one or more of the calling ports. 
7.3.5  Speed optimization in the presence of port authority initiatives 
There are currently no models in the literature that minimize fuel consumption or operating costs of 
shipping lines and acknowledge port authority initiatives that reward clean practices. Chapter 4 
provided a summary of existing port authority programs that compensate shipowners that are eco-
friendly. These incentives can be included in the previous model by adding a term R
r
 for the monetary 
reward for compliance at each scheme and adding this to the objective function. Multiplying the Rr 
term with a new decision variable Cr that is equal to 0 when the vessel does not comply to the VSRP 
and 1 when it does. This new formulation is a mixed integer problem with the objective function 
described by equation 7.11. 
𝑀𝑖𝑛 (𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑜𝑠𝑡) = ∑ ∑∑𝑃𝑟 ∙ 10−6 ∙
𝐷𝑟
𝑉𝑘
𝑟 ∙ (𝐸𝑃𝑖.𝑘 ∙ 𝐸𝐿𝑖.𝑘 ∙ 𝑆𝐹𝑂𝐶𝑖,𝑘) + 𝐶
𝑟 ∙ 𝑅𝑟                          (7.11)  
𝑖∈𝐸𝑟∈𝑅𝑘∈𝐾
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7.3.6 Limitation of the model 
The objective function in equation 7.11 can be used by shipowners seeking to decide whether to 
participate in voluntary schemes or not. The model is a simplification of reality as there are many 
assumptions on the implementation of VSRP in different ports. In particular, the model assumes that a 
reward is given for each complying call instead for securing compliance for most calls in a given time 
period as the Californian version requires. Formulating the problem for a longer horizon (e.g. one 
year) would introduce additional complexity due to the volatile nature of fuel prices and the value of 
time. The model requires a significant amount of data for vessel, port and voyage specifications and it 
does not account for potential social benefits achieved due to emissions reduction near the port. The 
optimal decisions for the sailing speed at different legs of each voyage and for opting to participate to 
one or more VSRP are not expected to show significant economic benefits. The model also assumes a 
‘static’ schedule for all vessels where these visit ports in the same sequence. 
7.4 Illustrative case studies 
This section presents cost savings achieved using the formulation of section 7.3 for both realistic and 
conceptual journeys. The presented journeys cover a range of different regulation areas with a mixture 
of real world data and necessary assumptions for lack of data. The model was solved with the GRG 
(generalised reduction gradient algorithm) non-linear method in the MS-Solver. This method was 
used as it can quickly converge to a local optimum, which for convex problems is also a global 
optimum. Computation time was for small instances under 2 seconds, while for some higher sets (four 
vessels calling in more than 20 ports each)  using purely conceptual data the time did not exceed 30 
seconds. However, these results were omitted from the thesis as these were only used to test the 
efficiency of the formulation.  
7.4.1  A full liner service of an ULCV 
One of the most famous containerships of the last decade is undoubtedly the Emma Maersk launched 
in 2006. At the time it was the largest container ship with a capacity of up to 14,770 TEU. Notable 
were the environmentally friendly aspects in its operation and the fact that while the design speed was 
at 25.5 knots, it sails at a significantly lower speed following Maersk’s shift towards slow steaming. 
In addition, belonging to a ULCV class Emma Maersk was a contributor to the increasing pressure 
towards container ports to be upgraded to handle such ships (dredging requirements, ship to shore 
cranes of sufficient reach; Talley, 2009). 
7.4.2 Baseline case  
The next section examines Emma Maersk’s planned roundtrip between May and July 2015 as 
retrieved from Maersk’s sailing schedules (Maersk, 2015) with data covering port to port sailing times 
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and berth durations at each port. The round trip comprises of both very long and very short distances 
at both European and Asian ports, and the lowest sailing speeds are observed in the shortest trips. The 
European legs of the round trip are the only ones affected by regulations (at berth as European ports 
and during cruise within the ECA) seen in Table 7.2 with a red background colour. Currently, the 
Emma Maersk is not equipped with scrubber systems, so it can be assumed that in the regulated areas 
ultra-low sulphur fuel will be used. 
The sailing speed has been calculated under the crude assumption that the vessel would require 30 
min of manoeuvring time at each port both on arrival and departure. It is considered that the expected 
times of arrival and departure at each port will be respected. Table 7.2 shows that the journeys are 
planned with considerably lower sailing speeds at each leg than the nominal. This observation 
essentially confirms that the vessel will be slow steaming in this roundtrip voyage.  
7.4.3  Optimization in regulated areas 
Table 7.2 also presents the optimal sailing speed for each leg based on the mathematical model of 
section 7.3 for two different fuel prices in any given leg. Fuel prices are assumed to be 376$/ton for 
HFO 380 and 600$/ton for MGO (0.1% sulphur) based on the bunker sales in the port of Singapore in 
May 2015. The optimal speed per leg is calculated under the assumption that no delay is allowed and 
that the vessel has to respect the scheduled arrival at each leg. With the existing regulations, speed 
differentiation should be used in only the Suez-Antwerp and Antwerp-Suez legs of the journey. The 
total fuel savings from speed optimization reach $5115 for these two legs. This represents 
approximately only 0.18% of the baseline fuel cost of the round voyage cruise fuel costs. When 
compared with only the fuel costs within these two legs this share reaches 0.56% of the cruise costs.  
A conceptual case where only the full round trip total time must be respected is performed and the 
results are shown in the last 3 columns of Table 2. It can be seen that Vs is approximately the same for 
all legs, with slightly smaller values within the ECA. The fuel cost savings would be significant at 
more than $190000 or around 6.9% reduction relative to the fuel consumption for the roundtrip 
(excluding berth requirements) and similar CO2 savings. 
This decision to maintain the same sailing speed at each leg agrees with the notion that speed 
differentiation leads to additional fuel consumption. The port-to-port sailing time also depends on a 
number of factors on which the shipping line may have no power (e.g. port availability, demurrage 
costs at each call, cargo volume carried at each leg). To include these in the model, an additional 
constraint can be used to maintain sailing speed in a particular section (similar to constraint 7.10). It is 
noteworthy that the model’s suggested optimal sailing speed at each leg may actually result in more 
emissions in specific parts of the journey (where the vessel originally would sail at lower speeds). 
These are depicted with the different background colour in Table 7.2. 
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Table 7.2: The schedule for Emma Maersk (15 May 2015 – 1 August 2015).  
Port 
tb 
(hours) 
D
r
 to 
next port 
(NM) 
t
r
 to next 
port (hours) 
Service Vs 
to next port  
(knots) 
 
Vs per leg 
(knots) 
Fuel cost 
savings 
($) 
 Less CO2 
released 
(tons) 
 
Vs per leg 
(knots) 
Fuel cost 
savings 
Less CO2 released 
(tons) 
Tanjung  27.5 4965 246 20.265 
NC 
(no change) 
NC NC 
17.718 94682 789.253 
Suez Canal NA 
120  17 (crossing) 7.059 NC NC NC 
2912.5 
149 22.466 
22.804 
2575 -17.585 
17.717 
150800 1150.853 412.5 
(ECA) 
20.338 14.852 
Antwerp 42 370 39 9.737 
NC NC NC 
14.857 -12629 -66.721 
Hamburg 32 84 15 6.000 14.878 -1374 -7.258 
Bremerhaven 32 318 50 6.490 14.854 -7026 -37.121 
Antwerp 32 
412.5 
(ECA) 187 17.876 
18.32 
2541 -15.872 
14.854 
16894 99.612 
2912.5 15.267 17.718 
Suez NA 
120  22 (crossing) 5.455 
NC NC NC 
NC NC NC 
676 36 19.314 17.736 7805 65.799 
King 
Abdullah 
32 4369 258 17.000 17.717 -22141 -186.667 
Singapore 22 2162 134 16.256 17.177 -22118 -186.472 
Shanghai 24 439 27 16.885 17.699 -2524 -21.277 
Busan 28 656 37 18.222 17.717 2378 20.046 
Xingang 34 419 24 18.217 17.756 1390 11.719 
Qingdao 24 328 29 11.714 17.716 -11810 -99.565 
Shanghai 12 126 19 7.000 17.674 -4540 -38.275 
Ningbo 17 727 42 17.732 17.724 39 0.33 
Hong Kong 15 41 3 20.500 17.534 914 7.702 
Yantian 12 1512 85 18.000 17.717 3064 25.833 
Tanjung  9  -   
Fuel savings CO2 savings 
$ % tons % 
     Total savings 5115  -33.457   193805 6.872 1536.794 6.69 
Sources: schedules from www.Maerskline.com, distances from www.searates.com
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However, the results in Table 7.2 are based on a very crude relaxation of constraints, and for a more 
realistic approach additional runs should be made. In Appendix I a few additional scenarios are 
presented where: 
· the maximum delay in the arrival at each port is an additional constraint (4, 8,12 and 16 
hours) but round trip total time is to be respected 
· different fuel prices for HFO and MGO 
In Appendix I, it can be seen that a relaxation in the time of arrival at each port results in reduced 
emissions in almost all segments, while the allocation of ‘delay’ varies with different tolerances. The 
role of the relative fuel price difference between low sulphur and regular fuel has an effect on the 
differentiated speeds between regulated and non-regulated areas (higher variation for higher price 
differences). Table 7.3 summarises the findings of the previous scenarios in the total fuel costs and 
CO2 emissions saved. 
Table 7.3: Summarised fuel cost and emissions savings for different scenarios. See Appendix 
In Appendix Scenario 
Fuel savings CO2 savings 
$ % tons % 
 Maintain schedule at all ports  5115 0.181 -33.457 -0.146 
 Maintain only roundtrip time 193805 6.872 1536.764 6.69 
 Allowing delay at each port (zero allowed delay overall) 
Table A-1 
4 hours 111549 3.955 850.541 3.703 
8 hours 141998 5.035 1133.913 4.936 
Table A-2 
12 hours 156534 5.55 1249.532 5.44 
16 hours 167450 5.937 1333.253 5.804 
 Different Fuel prices 
Table A-3 
HFO 600$/ton –MGO 900$/ton 5966 0.133 -25.298 -0.11 
HFO 650$/ton –MGO 1100$/ton 11526 0.235 -42.268 -0.184 
 
Table 7.3 shows that an allowable delay at each port can lead to significant environmental and 
operational benefits compared to the baseline case that increase with the relaxation to the time 
constraint. With regards to the fuel prices scenarios the potential for improvement varies. However, 
these comparisons are based on a comparison with the scheduled service which was based on known 
fuel prices. Therefore, the scheduled service would be different for different fuel prices. In the 
Appendix, the full details of the previous scenarios are presented. It is noteworthy how the 
environmental and economic balance changes at different legs of the roundtrip for the different 
scenarios. For example, with increased tolerances in time delays the economic and environmental 
benefits increase in the roundtrip. Higher tolerances per port are shown to be distributed differently 
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and as a result there will be legs that are negatively affected in order for the global benefit to increase 
(for example, if  the results of Table A-1 and Table A-2 are compared). This is another example of 
how improving one area (in this case the system’s performance or the ‘global balance’) can lead to 
other areas suffer more environmental impacts. 
7.4.4  Optimization with VSRP in ports 
This section examines the implications of the introduction of a VSRP in one or more ports within the 
service. It is assumed that compliance is compulsory in order to illustrate the trade-offs occurring in 
the system. The summary of the results of all scenarios is shown in Table 7.4. The full details with 
individual CO2 and fuel cost savings for each leg of the roundtrip are presented in the Appendix. 
Table 7.4: Summarised fuel cost and emissions savings in the presence of VSRP. See Appendix 
In Appendix Scenario 
Fuel savings CO2 savings 
$ % tons % 
Table A-4 
Vl=12, z=20 in Singapore         (no delay any port) 4417 0.156 -39.343 -0.171 
Vl=12, z =20 in Singapore  (4 hours delay per port) 113173 4.013 860.445 3.746 
 use of MGO in policy zone 
Table A-5 
Vl=12, z=20 in Singapore         (no delay any port) 5066 0.156 -39.343 -0.171 
Vl=12, z=20 in Singapore        (4 hr delay per port) 113822 4.032 860.445 3.746 
 Different Vl (speed limit) 
Table A-6 
Vl=14, z =20 in Singapore       (4 hr delay per port) 111405 3.95 849.529 3.698 
Vl=16, z =20 in Singapore       (4 hr delay per port) 111541 3.955 850.649 3.703 
 Different z (policy zone length) 
Table A-7 
Vl=12, z =40 in Singapore       (4 hr delay per port) 112547 3.991 854.843 3.721 
Vl=12, z =80 in Singapore       (4 hr delay per port) 109056 3.867 829.227 3.61 
 Multiple VSRP (Singapore, Shanghai) 
Table A-8 
Vl=12, z =20                              (no delay per port) 3707 0.131 -45.333 -0.197 
Vl=12, z =20                            (4 hr delay per port) 110544 3.92 842.082 3.666 
 
The basic VSRP is assumed to be at 12 knots for a 20 NM policy zone for both arrival and departure 
to the port. In the first scenario it is assumed that the port of Singapore creates a VSRP with a speed 
limit of 12 knots for 20 NM and that no delay is allowed at any port. This scenario is practically 
examining the repercussions of a VSRP in only one port to the overall service assuming that no 
change in the expected times of arrival is allowed. It can be observed that the fuel savings due to the 
speed differentiation within the ECA are now smaller (by $690) due to the change of speeds in the 
legs to and from the port of Singapore. At the same time, more CO2 is emitted (approximately 6 more 
tons) globally due to the combined effects of the ECA and the VSRP sailing speed changes.  
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The next scenario examines the effects of combining a fuel policy within the policy zone of a VSRP, 
similar to the complimentary effect of the CARB regulation on using 0.1% sulphur fuel within 24NM 
of California. For the sake of simplicity, the scenario considers that MGO is only to be used within 
20NM of Singapore and a speed limit of 12 knots is in place. While the port of Singapore does not 
operate a VSRP, there are monetary incentives for vessels using scrubbers and low sulphur fuel, but 
these are not considered in this scenario. In this case, optimal sailing speeds with 4h delay or no delay 
allowed would be the same and as a result the overall CO2 emissions would not change. The only 
difference is in fuel savings which are now higher due to the more expensive fuel consumed within 
the policy zone prior to the speed differentiation. Therefore, it can be concluded that a fuel policy near 
a port can facilitate the compliance to a VSRP at the same time. It would be in the ship operator’s 
benefit to reduce sailing speed within areas requiring pricier fuel to be used. 
A sensitivity analysis is then conducted for different speed limits (12, 14, and 16 knots) for the policy 
zone of 20 NM. The overall fuel and emissions savings are as expected slightly higher across the full 
roundtrip due to the less strict speed limit. The differences however are very small and it should be 
noted that a Vl at 16 knots is quite high and as a result the vessel could actually sail at lower speeds for 
the full port-to-port distance (detailed results in Table A-6). A sensitivity analysis on the effects of the 
policy zone length (40 and 80 NM) confirms the findings of previous chapters. It shows that the 
environmental and economic penalty for compliance is larger for the longer zones with reduced 
benefits from speed optimization in the full schedule (detailed results in Table A-7). A comparison of 
the fuel cost savings with the baseline case (service as scheduled by Maersk) for different VSRP 
specifications can be used to estimate the minimum incentive required from the port authority per 
complying vessel to secure participation. 
The next scenarios consider the introduction of a VSRP in two ports; Shanghai and Singapore, noting 
that Shanghai is visited twice in the round trip. All of the examined scenarios are based on the 
formulation of the previous sections with different constraints in place at each and ensuring arrival at 
the planned times for each port or with an up to 4 hours delay per port (with no delay in the overall 
roundtrip voyage). It can be seen that adding a VSRP in the roundtrip schedule will lead to 6 tons of 
CO2 increased globally while the fuel savings will only be reduced by $707. This small economic 
penalty is a result of the fact that in the second call to Shanghai the vessel would sail at relatively low 
sailing speeds that are actually below the proposed speed limit. However, the main insights from this 
analysis is that adding more VSRP in a round voyage will limit fuel savings from speed optimization 
across the roundtrip (if delays of up to 4 hours are allowed). 
Table 7.4 also shows that while a stricter VSRP (length and speed limit) can reduce the potential for 
improvement through speed optimization there are still significant savings observed at a range of 3 to 
4% of the overall cruise fuel costs. A more detailed analysis would have to take into account the 
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monetary penalties for delays at each port based on the number of containers demand at each leg of 
the journey. In addition, it should be noted that the speed optimization at each leg is performed under 
the assumption that the vessel is capable of sailing with constant speeds during each different leg 
regardless of weather, currents or other unexpected events. In reality, the baseline and the optimal 
speeds would not be constant for the full length and it has to be noted that optimal speeds are an 
extension of optimizing engine loads. The amount of cargo transported, the weather and other 
parameters will definitely affect the necessary engine output for sailing at an optimal speed. Based on 
the modelling framework of Chapter 3, a small variation in sailing speed would affect the ELm of the 
propulsion engine and its SFOC. Considering that the time that the vessel needs to sail between two 
points (or ports) will not change (so its average speed is the optimal), the variation in fuel 
consumption in unit time can be estimated, and through integration for the expected time of the trip, 
the maximum variation in fuel consumption can be estimated. Table 7.5 estimates the maximum 
additional fuel consumption due to small variations in sailing speed for a ULCV. 
Table 7.5: Additional fuel consumption due to variability in sailing speed 
Average 
speed 
Maximum Variation in 
speed (-/+knots) 
 Variation in EL 
(%) 
Variation in SFOC 
(g-kWh) 
Additional fuel consumption in 
1000 NM (kg) 
20 0.01  40.95-41.07 1658.6-168.55 0.14 
20 0. 1  40.40-41,63 168.82-168,34 7.23 
20 0.2  39.79-42.25 169.06-168.1 28.93 
20 1  35.16-47.47 171.08-166.41 725.23 
17 0.01  25.14-25.23 175.6-175.57 0.05 
17 0. 1  24.74-25.63 175.75-175.41 2.32 
17 0.2  24.31-26.08 175.91-175.23 9.29 
17 1  21.00-29.9 176.83-173.55 243,9 
 
It can be seen that for very small variations the maximum additional fuel consumption is almost 
negligible. As expected, the variation is more significant at higher average speeds. Table 7.5 
illustrates that the predictions of the model for fuel savings are not particularly altered from small 
variations in sailing speed.  
However, apart from small variations in sailing speed which could be the result of inability to 
maintain truly constant speed, other important parameters may vary. For example, the port to port 
distances could be slightly different at each leg (small changes in the route). The performance of the 
engine can also vary due to ambient temperature, humidity, fuel quality and thus its SFOC will also 
vary. The auxiliary engines’ loads will also vary according to the ships requirements at each moment. 
Finally, the variations of the weather will also affect the necessary output of the propulsion engines as 
shown in Chapter 3. Therefore, the findings of this model are representing a simplification of reality 
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and should be used as a guide for the design of improved port policies. The model can provide a solid 
starting point in estimating the potential environmental trade-offs from the examined policies. 
However, validation with pilot programmes will be necessary before finalizing the specifications of 
the policies. 
7.5 The action - reaction concept 
The previous sections presented an optimization model that could be used by a shipping line to 
manage the sailing speed of its vessels in the different segments of the journey. Despite some 
assumptions in the examined scenarios, the model is shown to reduce fuel costs in the roundtrip for a 
vessel due to the different speeds used at the regulated areas. Using the modelling framework 
presented in Chapter 3, the estimation of emissions generation in each different segment of the 
journey is possible. The results of section 7.4 showed that in the presence of a fuel regulated area or 
VSRP in one or more ports along a sequence of calls, the optimal sailing speed at each segment will 
change. It was shown that while for some regions the sailing speed within a segment r may drop, there 
are be other regions where the speed increases and as a result fuel consumption and associated 
emissions change.  
In chapter 6 it was shown that many emissions reduction actions that have a local benefit in the 
proximity of the port could trigger an increase in absolute emissions globally. This trade-off was also 
observed in the round voyage of the ULCV examined in the previous section for the scenarios. This 
occurred when a strict time constraint was applied in all port to port segments, and it was observed 
that while there are still cost savings, the overall fuel consumption actually increases.  In the more 
relaxed setting when only the round voyage time constraint was in place and emissions savings were 
observed the potential for savings was reduced in the presence of VSRP in other parts of the service.  
The implementation of an emissions reduction strategy near a port is not only responsible for 
additional emissions in the roundtrip journey. It also increases emissions in the proximity of the other 
ports in the visiting sequence where no specific emissions actions are in place due to the marginal 
increase in speed. This conceptual notion draws a parallel with the AMP case where the option to use 
cold ironing reduces emissions in one area but moves these to a different region (in that case the 
electricity source). This section uses the findings of the optimization model in the previous sections 
and compares the local savings in the port of Singapore with the additional emissions in the full 
service. It also estimates the additional emissions per port of the service due to the increased speeds. 
For all ports the area of interest is for comparison purposes selected to be 20 NM. Considering that all 
schedules need to be kept (e.g. same time of arrival as planned by Maersk) there would only be speed 
changes in ports affected by an ECA zone or a VSRP and the next/previous ports. For this scenario, 
considering the Emma Maersk schedule the affected ports are shown in Table 7.6. 
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Table 7.6: Effects of ECA and VSRP to ports affected within the Emma Maersk schedule 
Port Policy affecting the port 
VSRP in Singapore, no delay at each call 
ΔCO2 (kg) ΔSO2 (kg) ΔNOx (kg) ΔBC (kg) 
Antwerp (1
st
 call) ECA -3200.415 -70.672 -90.948 -0.083 
Antwerp (2
nd
 call) ECA -3023.356 -66.961 -89.602 -0.194 
King Abdullah VSRP next port 38.992 0.861 1.146 -0.015 
Singapore VSRP -9186.183 -202.849 -283.055 21.774 
Shanghai VSRP previous port 62.443 1.379 1.85 -0.023 
 
Table 7.6 shows that both the ECA and the VSRP result in an improvement to the ports directly 
affected. However, for the preceding and the ensuing port to the VSRP it can be seen that a small 
increase in emissions can be expected due to the marginal increase in sailing speed near these ports. 
Therefore, not only there may be a global increase in carbon emissions (especially in the high seas), 
but residents near other ports may also be affected negatively due to a VSRP elsewhere. The same 
would be observed in the ports preceding the entry to the ECA and afterwards; in this case this 
increased speed would be observed in the proximity of the Suez Canal.  
The sensitivity analysis presented in Table 7.7 considers hypothetical trips between two ports where 
one or both implement a VSRP and shows the results on each end (within 20 NM) and in-between for 
a variety of parameters (sensitivity analysis on distance D, z
O
, z
D
, 𝑉𝑙
𝑂, 𝑉𝑙
𝐷 and planned sailing speed 
Vp) and different ship types. The baseline scenario concerns a ULCV that sails at design speed, for a 
port to port distance of 8000NM and respecting a speed limit of 12 knots for zones of 20NM at both 
ports. The blue background indicates the parameter on which a sensitivity analysis is conducted. 
Table 7.7 shows that a VSRP results in a reduction of CO2, SO2 and NOx compared to the nominal, 
but at the expense of more BC emissions near port.  
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Table 7.7: Sensitivity analysis on key parameters and emissions trade-offs  
Vessel 
type 
 D 
(NM) 
Speed 
VSRP Origin port 
VSRP destination 
port 
Effects in Origin port  
(within 20 NM) 
Effects in Destination port 
(within 20 NM) 
Effects in between (high seas) 
Vs Planned 
Vp 
z
O
(NM) 𝑽𝒍
𝑶(knots) z
D
(NM) 𝑽𝒍
𝑫(knots) 
ΔCO2 
(kg) 
ΔSO2 
(kg) 
ΔNOx 
(kg) 
ΔBC 
(kg) 
ΔCO2 
(kg) 
ΔSO2 
(kg) 
ΔNOx 
(kg) 
ΔBC 
(kg) 
ΔCO2 
(kg) 
ΔSO2 
(kg) 
ΔNOx 
(kg) 
ΔBC 
(kg) 
Baseline Case (Vp=Vs,  D=8000 NM, ULCV , both ports VSRP at 12 knots for 20 NM) 
ULCV 8000 25.5 25.5 20 12 20 12 -18427 -407 -535 4.682 -18427 -407 -535 4.682 142240 3141 3963 -3.558 
Sensitivity analysis on planned speed Vp 
ULCV 8000 25.5 22 20 12 20 12 -11637 -257 -345 4.037 -11637 -257 -345 4.037 58801 1298 1664 -10.249 
ULCV 8000 25.5 19 20 12 20 12 -7455 -165 -225 2.959 -7455 -165 -225 2.959 27930 618 808 -9.365 
Sensitivity analysis on distance D 
ULCV 4000 25.5 25.5 20 12 20 12 Same as baseline  Same as baseline  145178 3206 4043 -3.12 
ULCV 2000 25.5 25.5 20 12 20 12 Same as baseline  Same as baseline  151745 3351 4223 -2.115 
ULCV 1000 25.5 25.5 20 12 20 12 Same as baseline  Same as baseline  163855 3718 4679 -0.517 
Sensitivity analysis on speed limit 
ULCV 8000 25.5 25.5 20 12 20 14 -18427 -407 -535 4.682 -16720 -369 -480 3.855 122721 2710 3419 -3.127 
ULCV 8000 25.5 25.5 20 12 20 16 -18427 -407 -535 4.682 -14563 322 415 3.03 108151 2388 3013 -2.793 
ULCV 8000 25.5 25.5 20 14 20 14 -16720 -369 -480 3.855 -16720 -369 -480 3.855 103307 2281 2878 -2.679 
Sensitivity analysis on policy length z 
ULCV 8000 25.5 25.5 20 12 0 - Same as baseline  176.502 3.898 4.918 -0.005 70248 1551 1957 -1.877 
ULCV 8000 25.5 25.5 40 12 20 12 Same as baseline  Same as baseline  215524 4759 6003 -5.016 
ULCV 8000 25.5 25.5 80 12 20 12 Same as baseline  Same as baseline  366821 8100 
1021
5 
-7.213 
ULCV 8000 25.5 25.5 40 12 40 12 Same as baseline  Same as baseline  290355 6412 8087 -6.239 
Different vessel type 
PostPan. 8000 24 24 20 12 20 12 -14833 -328 -422 2.997 -14833 -328 -422 2.997 101735 2247 2822 -1.596 
Panamax 8000 23 23 20 12 20 12 -8991 -199 -256 1.809 -8991 -199 -256 1.809 58252 1286 1617 -0.969 
Feederm
ax 
8000 22 22 20 12 20 12 -4018 -89 -114 0.805 -4018 -89 -114 0.805 24544 542 681 -0.436 
s.feeder 8000 17 17 20 12 20 12 -1283 -28 -23 0.203 -1283 -28 -23 0.203 5415 120 97 -0.107 
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The reverse effect is observed in the high seas where the necessary speed increase results in additional fuel 
consumption and emissions (except for BC). The role of planned speed is contrasted first. It can be seen that 
the VSRP are less beneficial when the vessel is already sailing at lower speeds, and at the same time the 
global penalty is also reduced. This result suggests that at periods where slow steaming is already practiced, 
an additional reduction near a port could be an easier decision for the ship operator. Port-to-port distance is 
shown to play a significant role with regards to the global penalty. A distance that is 50% or 75% shorter 
would result in a 2.07% and a 6.68% higher global penalty respectively. Therefore, VSRP should be 
prioritized for vessels that travel longer distances to reduce the environmental setback. Relaxing the speed 
limit as seen in Table 6 will result in much lower global penalties while there are still significant emissions 
savings in the proximity of the port. Therefore, reducing the effect of the action (less strict VSRP) would 
reduce the negative reaction in the global scale. 
A similar effect is observed for different policy lengths but in this case the actual penalties are much more 
sensitive to the change. Doubling the policy length in one port (from 20 to 40 NM) will result in a 52.5% 
increase in the global emissions penalty. The same effect is observed when the VSRP in one port only is 
contrasted with VSRP at both ends of the journey. Therefore, it is recommended that port authorities wishing 
to develop VSRP consider the repercussions of an unnecessarily large policy length. Depending on the 
population affected, the fleet mixture visiting the port and the typical wind in the proximity, a comprehensive 
dispersion analysis should be conducted. The levels of pollution due to incoming and outgoing vessels in the 
port can be used as a deciding factor towards a reasonable policy length for the scheme and subsequently the 
speed limit. 
Finally, the effects of the VSRP for smaller vessels are as expected of less magnitude which raises the 
argument of whether the VSRP should prioritize large vessels only. In order to decide which (if not all) 
vessels would be rewarded for a VSRP compliance the port authorities should consider the fact that typically 
smaller vessels are making smaller trips (smaller D). Therefore,  more calls can be expected annually at each 
port, with more important percentage of emissions per call to be reduced through the VSRP (as at-berth 
emissions would be less in comparison due to smaller turnaround times) and a smaller sacrifice required due 
to the lower design speeds of smaller vessels. 
7.6 Concluding remarks 
This chapter presented an optimization model that can be used by shipowners in order to reduce fuel costs in 
a roundtrip service when fuel regulations or VSRP exist. Despite its non-linearity, the solution space is 
convex and as such solutions can be quickly found for instances of realistic size. The model can be modified 
to consider additional costs due to potential delays at certain port calls. In the examined scenarios fuel cost 
savings of up to 6% in the overall cruise costs were observed with similar CO2 emissions reduction overall. 
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These savings were estimated on the assumption that the schedule retrieved from Maersk is planned with 
constant speed at each leg of the roundtrip voyage. Even if the company is already considering speed 
differentiation at the regulated legs of the journey, emissions savings would be observed with application of 
the model with a time constraint for the total roundtrip voyage. This is due to the very low speeds selected 
(as planned) for some legs of the journey.   
The chapter presented the effects of one or more ports in the sequence adapting a VSRP and it was shown 
that the fuel cost savings potential could be reduced in comparison to the baseline case. This reduction can be 
considered as the additional operating cost (or rather missed opportunity cost) that the shipowner will bear 
during participation to a VSRP. The amount of this cost was shown to vary for different VSRP specifications 
and for the different port distances in the sequence. This finding strengthens the notion that a port authority 
wishing to implement a VSRP must carefully consider these costs in order to provide reasonable monetary 
incentives to convince visiting vessels to comply. It was also shown that a VSRP would be far more 
successful (less costs involved for the shipowner) when there is a complementing fuel policy in the nearby 
region of the port which would act as an additional reason to reduce sailing speed. The findings of this 
chapter confirm that any emissions reduction action has an important reaction in terms of either increasing 
costs or generating additional emissions in different areas. Therefore, while a port may develop a plan to 
reduce the emissions generation in its proximity (e.g. VSRP, a fuel policy, introduction of AMP) there could 
be negative results (increased global emissions, more emissions in different ports, limitation of the potential 
of slow steaming across the journey due to time lost etc.). 
Despite the assumptions in the case studies of this chapter, the model developed can be easily modified to 
incorporate the effects of additional cost data (cargo depreciation, waiting costs) in order to provide more 
accurate solutions. However, due to time constraints and lack of data the model was only examined on a 
conceptual basis.  Finally, in the examined scenarios the baseline was considering Emma Maersk, a ULCV 
that is currently slow steaming (compared to its design speed) and thus the emissions changes in the different 
segments of the journey are not as high due to the smaller differences observed in the sailing speed. 
Considering the current decline in bunker fuel prices, it is possible that sailing speeds may increase and 
therefore the scope for speed optimization in the different segments of the journey will expand. In addition, 
there are several assumptions that could be avoided in the presence of more data. For example, it has been 
assumed that the auxiliary engines are operating at constant loads regardless of sailing speed which as a 
result increases their contribution to fuel costs at lower speeds (due to increased time of activity). As a result, 
for very low sailing speeds (below 10% engine loads for the propulsion engines) the overall fuel 
consumption predicted by the model would actually increase. The model should therefore be adjusted to 
include additional data based on more accurate shipping line schedules, bunker fuel costs and last but not 
least technical specifications of the vessels examined.  
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Chapter 8 
_______________________ 
8 Conclusions and further research 
8.1 Conclusions 
Any emissions reduction policy, technology or operational action has potential to improve air quality but it 
must come at a price. There is no uniform action that can simultaneously reduce all pollutant species from 
vessel activity, be cost effective and not jeopardize the market share of the sector. Even if technological 
innovation continues to improve fuel economy, minimize energy losses and improve the operation in the full 
spectrum of engines operation there are theoretical limits that cannot be surpassed. A combination of 
adjustments in the way the fleet is operated, policies developed by regulators, technological solutions 
adapted by shipbuilders, and initiatives of port authorities can be used to improve the environmental 
performance of ports and the maritime sector. However, any of these emissions reduction actions will have a 
reaction that will either deteriorate the environmental performance in a different area or cost time and/or 
money. 
During its course this study examined various scientific domains due to the interdisciplinary nature of the 
problem. With the aims and objectives stated at Chapter 1 as a reference point, the main achievements and 
contribution of this study can be summarised in the next key items. 
· This work conducted a literature review of academic and industry studies focusing on the environmental 
impacts of the maritime sector, emissions modelling methodologies, the role of port operations and on 
emissions reduction actions in the global and local scale of shipping activities. This allowed the 
identification of a number of gaps in the literature and paved the way for the elaboration of the approach 
in this study. 
· The most notable regulation on shipping emissions set by regulatory bodies were presented and 
examined with regards to their efficiency, their effects to ship operators, shippers and port authorities. 
Their efficacy in emissions reduction potential compared to the expected growth of the maritime sector 
is not sufficient to result in mitigation in absolute numbers.  
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· One of the most important contributions of this work is the adaptation of the most widely used 
emissions modelling methodologies to account for emissions generation in the proximity of ports. The 
novelty lies in the combination of the most promising features of activity based methodologies used in 
the literature. The proposed methodological framework can take full advantage of comprehensive data 
on shipping activity, vessel specifications and shipping lines’ and port authorities’ schedules. The 
framework has been validated through presentation in peer-reviewed conferences and publication in 
academic journals. 
· Apart from allowing the construction of emission inventories of ports, shipping fleets or specific 
maritime routes, the study also allows the estimation of the potential for emissions reduction through a 
series of technological, regulatory and operational measures. While slow steaming as a practice in the 
industry has been studied in previous work in the field, its effects in the proximity of the port and the 
associated benefits enjoyed in that area were not. 
· From the port’s perspective, operational slow steaming in the whole journey will also have a positive 
effect on each vessel call. The lower planned sailing speed will also make easier the participation to 
voluntary speed reduction programmes (VSRP) as there would be a smaller difference in the necessary 
speed drop. However, operational slow steaming could lead to increased vessel calls for a fixed 
transport demand and thus more emissions. This issue is also discussed in section 8.2. 
· The relatively recent VSRP developed in California had not been considered previously in the field, in 
terms of performance. This thesis considered their effects in reducing the emissions generation in ports 
for various programme specifications, different ports and visiting vessels.  
· The developed methodology allows the comparison of different emission reduction actions from the 
port authority’s perspective. It thus constitutes possible the comparison of these actions and can allow 
port authorities to decide which one to adapt and prioritize according to their individual characteristics. 
· Emission savings of up to 10-18% for CO2, SO2 and NOx emissions in the port proximity are observed 
for full participation to a VSRP with similar specifications as in the Californian ports. However, BC 
emissions can increase up to 2-6.5% due to the low loads of engine operation. These percentage changes 
in emissions are compared to the baseline scenario of nominal Vs during arrival and departure from the 
port, including manoeuvring and at berth emissions.  
· The speed limit value is more effective in absolute terms (emissions reduced per call) on larger vessels 
as these are nominally sailing faster. It is therefore suggested that port authorities aim similar programs 
to larger vessels to reduce absolute emissions. In relative terms, for larger vessels the impact emissions 
at berth is higher due to their increased loads at berth and berth durations. An interesting conclusion is 
that from the port’s perspective the reduction from VSRP would be higher for smaller vessels in 
percentage terms. 
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· Using cold ironing, the only emissions generated near the port are during arrival/departure, 
manoeuvring and boilers emissions at berth. The provision of AMP is shown to reduce CO2, SO2 and 
NOx emissions in the port proximity by up to 58% and 70% for BC emissions. However, the potential 
for sulphur emissions reduction is very limited in ports within ECA, or EU or Californian ports where 
strict fuel limits apply. In relative terms, the port should be prioritizing larger vessels as their 
contribution to its emissions inventories are the largest during berth.  
· From a global perspective, the provision of cold ironing is more meaningful for port authorities that are 
powered by clean sources of energy and rely less on coal and fossil fuel. It is therefore possible that the 
resulting emissions at the source are higher than the emissions saved from auxiliary engines at the port. 
Therefore, caution should be exercised when port authorities consider investing in cold ironing. 
· The modelling framework was extended to examine the effects of fuel regulation policies and VSRP 
from the ship operator’s perspective. The results can be used by regulators and port authorities to 
estimate the costs borne by ship operators from each emissions reduction action. These can be used to 
estimate an appropriate monetary incentive that would facilitate participation to a voluntary scheme. 
· Sensitivity analyses were conducted with respect to the main voyage parameters and specifications. 
These examined their impacts to the global penalties associated with participation to a VSRP or a fuel 
policy. It was shown that there can be fuel savings through lowering speeds in regulated areas despite 
increased speeds outside. However, the result would be increased carbon emissions on the global scale. 
· The environmental balance between global penalties and local benefits was considered and it was 
shown to change drastically with changes in key parameters in the VSRP and the fuel prices. The thesis 
confirmed the assumption that no uniform policy can be applied to different combinations of ports, 
vessels and voyages. It is proposed that the modelling framework developed in this work should be used 
by regulators and port authorities to design multi-tiered programmes. Tailor made programs at each port 
authority could increase participation and at the same time reduce the cost per ton of abated emissions at 
each port. 
· A new speed optimization model was developed that can improve the fuel costs for each ship sailing in 
a roundtrip. The model was used in a series of examples where different fuel regulation policies and/or 
VSRP were present. A case study was used to illustrate the potential of the model through its 
application to a full round service of Emma Maersk.  
8.2 Recommendations for further research 
This thesis attempted to examine the potential for improvement in the environmental performance of 
maritime operations in container ports. Due to its multi-disciplinary nature, the time constraints, and the 
reduced availability of data, the objectives and outputs of this work were necessarily limited over time. 
However, an additional contribution was made possible through the process of narrowing the objectives of 
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the thesis. This section will present a series of recommendations for future work that can build on this thesis, 
new interesting research questions and the potential for transferring lessons learned to other fields. 
The first and most important next step will be to use the modelling framework of Chapter 3 with data from 
port authorities cross-checked with the data of shipping companies for all visiting vessels. This includes the 
technical specifications of the vessels, the turnaround time at berth, the sailing speed used in the journeys, 
and the fuel prices. SFOC curves of more marine engines should be incorporated into the model. Ideally, the 
findings of the model should be compared with the actual fuel burned and bunker price as reported by the 
ship operator. With regards to emissions modelling, the practice of using average emission factors has its 
limitations. Emission factors should regularly be updated and adjusted for specific ships and different engine 
operating patterns. A further improvement to the model could be through using emissions monitoring data 
when these are available. Finally, the model will improve if tugboat fuel consumption is included, and if the 
manoeuvring emissions are modelled more accurately as each port has different lengths of pilotage and thus 
the vessel would have very different fuel consumption during this phase at different ports. 
The previous data would improve the accuracy of the model when used for the baseline case. To assess the 
potential of the suggested actions, some of the ship operators should be convinced by the port authority to 
change sailing speed near the port. This procedure coupled with the previous data requirements will help 
improve the accuracy of the estimated emission savings through each program. Another area for subsequent 
research is extending the optimization problems presented in Chapter 7. These can be considered from a 
robust optimization perspective, accounting for the volatile nature of fuel prices, to plan for longer horizons. 
The work presented in this thesis was based on the existing VSRP in California which currently are 
voluntary. The thesis considered that ship operators would participate in the program if the monetary 
compensation is higher than the associated costs of either the time delay, or the extra fuel costs in different 
legs of the journey. It is advised that a survey is conducted on the views of ship operators of a potential 
expansion of VSRP to more ports around the world and on their motivations for participation. To date, only a 
survey of participating vessels in the Californian ports has been conducted in 2008, and the main motivation 
was found to be the public perception for the company (Linder, 2014). There is therefore a need to update 
this information, and also consider how the participating decision may change if more and more ports 
develop such programs. An interesting research topic will be to redesign the port tariff structure with regards 
to a ship’s efficiency index or willingness to participate to green initiatives. 
Another interesting topic for future research is the berth allocation problem in the presence of cold ironing 
berths. A very interesting optimization problem can be formulated assuming that a port has the objective of 
maximizing the utilization of its AMP facility, but not all vessels are AMP-ready and each has a different 
potential for emissions reduction.  
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An extension to this work is to examine the effects of the emissions reduction actions to a potential modal 
shift, particularly for shortsea shipping in regulated waters, and the effects in the environmental balance. 
Another interesting research question will be the optimal allocation of resources to reduce the cost per ton of 
abated emissions. For example, a port could decide to invest in designing a VSRP, promoting the use of low 
sulphur fuel through incentives (if not in regulated waters or the EU) or by investing in AMP. However, the 
port authority could also invest in the yard or hinterland operations. Automation at the yard, use of hybrid 
cranes or the design of clean truck programmes could also improve environmental performance. The port 
could invest in deploying more cranes to reduce the turnaround time of vessels and thus effectively reduce its 
emissions at berth which were shown to be the most important component from the port’s perspective. This 
strategy however may not be as practical due to the high investment costs and a potential under-utilization of 
cranes at off-peak times. This would come at an added energy cost due to the intensification of port 
operations (and thus emissions). It could also increase the capacity of the port and thus further increase the 
environmental burden. 
Finally, this thesis examined a small number of emissions reduction actions with a focus on their effects at 
the port. The modelling methodology can readily be used by regulators, port authorities and ship operators to 
test the effects of these actions. The framework can also be adapted to examine alternative emissions 
reduction actions. The work is transferable in the sense that the environmental balance and the emerging 
trade-offs due to emissions reduction actions should also be considered in different transport modes. For 
example, the emissions from aircrafts near airports pose a very interesting topic where similar trade-offs (as 
in Chapter 6) are likely to emerge from emissions reduction strategies.  
It is envisaged that this work will help design better policies and practices with respect to the environment. 
However, the third law of Newton states that for each action there is an opposite an equal reaction. This 
thesis showed that this reaction can be much higher than the action, so this is something that must always be 
taken into account. It comes down to the conclusion that there is no perfect answer, there will always be a 
loss for each win and thus the critical decision will be what the priority should be: 
· a local benefit at the expense of emissions in the global balance  
· a local benefit at the expense of time that could be used to have a smaller global benefit 
· a local benefit at the expense of resources that could be used in other green initiatives 
· a global benefit that could reduce a sector and lead to different problems 
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emissions reduction strategies. Transportation Research Record. (In-press) 
 
Zis, T., North, R. J., Angeloudis, P., Ochieng, W. Y., and Bell, M. G. H. (2014). Evaluation of cold ironing and speed 
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Peer-reviewed Book chapters 
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Appendix 
The following tables present the detailed results of Tables Table 7.3 and Table 7.4. These are runs where a 
sensitivity analysis was performed for a set of key parameters, and then the model of section 7.3 was 
executed. 
· Table A-1 considers a maximum allowed delay per port at 4 or 8 hours, but with no delay allowed 
in the overall roundtrip voyage time. 
· Table A-2 extends the maximum allowed delay at 12 or 16 hours. 
· Table A-3 considers different fuel prices for fuel used in regulated and non-regulated areas 
· Table A-4 examines the network assuming only the port of Singapore operates a VSRP at 12 knots 
for 20 NM, first without allowing any delay at any port and then with a maximum delay of 4 hours 
· Table A-5 examines the same scenario as Table A-4, with the difference that now the port of 
Singapore also enforces a fuel regulation (use of ultra-low sulphur fuel) 
· Table A-6 performs a sensitivity analysis on the speed limit (14 and 16 knots) in the VSRP in 
Singapore assuming a maximum delay of 4 hours per port 
· Table A-7 performs a sensitivity analysis on the policy zone length (40 and 80 NM) in the VSRP in 
Singapore assuming a maximum delay of 4 hours per port 
· Table A-8 examines two VSRP of the same specifications (zone of 20 NM, limit of 12 knots) in the 
ports of Shanghai (two calls in the roundtrip) and Singapore and assuming no allowed delays at any 
port in the service 
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Table A-1: Sensitivity analysis on allowed delay per port call (part 1) 
Port 
tb 
(hours) 
D
r
 to 
next 
port 
(NM) 
t
r
 to next port 
(hours) 
Vs to 
next port  
(service) 
 
Max delay per port 4 hours  Max delay per port 8 hours 
Optimal Vs 
Fuel cost 
savings 
Less CO2 
released (ton) Optimal Vs Fuel cost savings 
Less CO2 released 
(ton) 
Tanjung  27.5 4965 246 20.265 19.94 12826 108.136 19.625 24978 210.59 
Suez Canal NA 
120  17 (crossing) 7.059  NA NA  NA NA 
2912.5 
149 22.466 
22.226 
22733 141.596 
21.686 
40825 283.634 412.5 
(ECA) 
19.678 19.01 
Antwerp 42 370 39 9.737 11.648 -2741 -14.479 13.819 -8906 -47.053 
Hamburg 32 84 15 6.000 11.65 885 4.675 13.781 -481 -2.542 
Bremerhaven 32 318 50 6.490 11.647 1489 7.869 13.819 -3832 -20.248 
Antwerp 32 
412.5 
(ECA) 187 17.876 
14.991 
12012 60.267 
14.74 
20987 132.637 
2912.5 17.925 17.544 
Suez NA 
120  22 (crossing) 5.455  NA NA  NA NA 
676 36 19.314 17.333 9739 82.108 16.059 15721 132.539 
King 
Abdullah 
32 4369 258 17.000 16.739 7946 66.988 16.487 15596 131.485 
Singapore 22 2162 134 16.256 15.781 6966 58.728 16.057 2932 24.717 
Shanghai 24 439 27 16.885 14.633 6604 55.675 16.055 2512 21.174 
Busan 28 656 37 18.222 16.4 8438 71.141 16.051 10003 84.331 
Xingang 34 419 24 18.217 15.519 7875 66.393 16.057 6359 53.608 
Qingdao 24 328 29 11.714 12.78 -1531 -12.905 16.058 -8015 -67.574 
Shanghai 12 126 19 7.000 12.778 -632 -5.33 16.099 -3155 -26.597 
Ningbo 17 727 42 17.732 16.156 8009 67.522 16.062 8472 71.426 
Hong Kong 15 41 3 20.500 12.829 2136 18.008 16.043 1339 11.288 
Yantian 12 1512 85 18.000 17.182 8795 74.149 16.435 16665 140.499 
Tanjung  9  -   
Fuel savings CO2 savings  
Fuel savings CO2 savings 
$ % ton % $ % ton % 
     Total 111549 3.955 850.541 3.703 Total 141998 5.035 1133.913 4.936 
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Table A-2: Sensitivity analysis on allowed delay per port call (part 2) 
Port 
tb 
(hours) 
D
r
 to 
next 
port 
(NM) 
t
r
 to next 
port 
(hours) 
Vs to 
next port  
(service) 
 
Max delay per port 12 hours  Max delay per port 16 hours 
Optimal Vs 
Fuel cost 
savings 
Less CO2 
released (ton) 
Optimal Vs Fuel cost savings 
Less CO2 released 
(ton) 
Tanjung  27.5 4965 246 20.265 19.319 36535 308.022 19.023 47563 400.993 
Suez Canal NA 
120  
17 
(crossing) 
7.059       
2912.5 
149 22.466 
21.183 
57185 411.205 
20.704 
72091 527.25 412.5 
(ECA) 
18.33 17.683 
Antwerp 42 370 39 9.737 14.1 -9877 -52.185 14.264 -10457 -55.246 
Hamburg 32 84 15 6.000 14.06 -699 -3.695 14.281 -876 -4.63 
Bremerhaven 32 318 50 6.490 14.107 -4689 -24.771 14.269 -5181 -27.373 
Antwerp 32 
412.5 
(ECA) 187 17.876 
14.507 
29507 201.455 
14.302 
37603 267.096 
2912.5 17.176 16.82 
Suez NA 
120  
22 
(crossing) 
5.455       
676 36 19.314 16.514 13609 114.736 16.787 12329 103.944 
King Abdullah 32 4369 258 17.000 16.532 14231 119.979 16.8 6092 51.363 
Singapore 22 2162 134 16.256 16.524 -3999 -33.716 16.799 -8112 -68.393 
Shanghai 24 439 27 16.885 16.544 1038 8.755 16.809 233 1.961 
Busan 28 656 37 18.222 16.515 7919 66.765 16.786 6685 56.358 
Xingang 34 419 24 18.217 16.548 4947 41.708 16.813 4176 35.206 
Qingdao 24 328 29 11.714 16.56 -9146 -77.106 16.833 -9768 -82.349 
Shanghai 12 126 19 7.000 16.451 -3459 -29.161 16.798 -3762 -31.713 
Ningbo 17 727 42 17.732 16.515 6215 52.397 16.793 4813 40.581 
Hong Kong 15 41 3 20.500 16.219 1290 10.873 16.48 1216 10.253 
Yantian 12 1512 85 18.000 16.506 15926 134.273 16.803 12804 107.952 
Tanjung  9  -   
Fuel savings CO2 savings 
 
Fuel savings CO2 savings 
ton ton ton % $ % ton % 
     Total  156534 5.55 1249.532 5.44 Total 167450 5.937 1333.253 5.804 
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Table A-3: Sensitivity analysis on fuel prices 
Port 
tb 
(hours) 
D
r
 to 
next 
port 
(NM) 
t
r
 to next 
port (hours) 
Vs to 
next port  
(service) 
 
 
HFO at 600$/ton –MGO at 900$/ton 
 
HFO at 650$/ton –MGO at 1100$/ton 
Optimal Vs Fuel cost savings 
Less CO2 
released (ton) 
Optimal Vs Fuel cost savings 
Less CO2 released 
(ton) 
Tanjung 27.5 4965 246 20.265 NA NA NA  NA NA 
Suez Canal NA 
120 17 (crossing) 7.059   
 
   
2912.5 
149 
22.466 
 
9.737 
20.338 
2986 -13.092 
22.856 
5836 -22.663 412.5 
(ECA) 
20.627 20.054 
Antwerp 42 370 39  
NA NA    Hamburg 32 84 15 6.000 
Bremerhaven 32 318 50 6.490 
Antwerp 32 
412.5 
(ECA) 187 
17.876 
 
5.455 
15.559 
2980 -12.206 
15.01 
5690 -19.605 
2912.5 18.262 18.373 
Suez NA 
120 
22 (crossing) 
36 
 
19.314 
17.000 
NA NA NA  NA NA 
676 
King Abdullah 32 4369 258  
Singapore 22 2162 134 16.256 
Shanghai 24 439 27 16.885 
Busan 28 656 37 18.222 
Xingang 34 419 24 18.217 
Qingdao 24 328 29 11.714 
Shanghai 12 126 19 7.000 
Ningbo 17 727 42 17.732 
Hong Kong 15 41 3 20.500 
Yantian 12 1512 85 18.000 
Tanjung 9  -   
Fuel savings CO2 savings  
Fuel savings CO2 savings 
$ % ton % $ % ton % 
     Total  5966 0.133 -25.298 -0.11  11526 0.235 -42.268 -0.184 
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Table A-4: Introduction of a VSRP in Singapore 
Port 
tb 
(hours) 
D
r
 to next 
port (NM) 
t
r
 to next 
port (hours) 
Vs to 
next port  
(service) 
 
 
Vl=12, z=20 in Singapore (no delay any port) 
 
Vl=12, z=20 in Singapore (4 hours delay per port) 
Optimal Vs 
Fuel cost 
savings 
Less CO2 released 
(ton) 
Optimal Vs Fuel cost savings 
Less CO2 released 
(ton) 
Tanjung 27.5 4965 246 20.265 NC 
 
19.94 12826 108.136 
Suez Canal NA 
120 17 (crossing) 7.059     
2912.5 
149 22.466 
22.804 
2575 -17.617 
22.226 
22733 141.627 
412.5 (ECA) 20.336 19.68 
Antwerp 42 370 39 9.737 
  
11.356 -2132 -11.264 
Hamburg 32 84 15 6.000 11.426 995 5.259 
Bremerhaven 32 318 50 6.490 11.357 1985 10.488 
Antwerp 32 
412.5 (ECA) 
187 17.876 
15.269 
2541 -15.839 
14.991 
12012 60.275 
2912.5 18.319 17.925 
Suez NA 
120 22 (crossing) 
36 
5.455 
19.314 
  
   
676 17.333 9739 82.108 
King Abdullah 32 
4369 
258 17 
17.033 
-398 -3.358 
16.77 
7584 63.938 
z=20 Vl = 12 Vl = 12 
Singapore 22 
z=20 
134 16.256 
Vl = 12 -300 -2.529 
Vl = 12 6724 56.685 
2142 16.31 15.828 
Shanghai 24 439 27 16.885 
  
14.633 6604 55.675 
Busan 28 656 37 18.222 16.4 8438 71.141 
Xingang 34 419 24 18.217 15.519 7875 66.393 
Qingdao 24 328 29 11.714 12.365 -883 -7.447 
Shanghai 12 126 19 7.000 12.3 -344 -2.898 
Ningbo 17 727 42 17.732 16.156 8009 67.522 
Hong Kong 15 41 3 20.500 12.437 2219 18.657 
Yantian 12 1512 85 18.000 17.182 8795 74.149 
Tanjung 9  -   
Fuel savings CO2 savings  
Fuel savings CO2 savings 
$ % ton % $ % Ton % 
     Total 4417 0.156 -39.343 -0.171 Total 113173 4.013 860.445 3.746 
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Table A-5: VSRP in the port of Singapore, complemented by fuel regulation in the same zone 
Port 
tb 
(hours) 
D
r
 to next 
port (NM) 
t
r
 to next port 
(hours) 
Vs to 
next 
port  
(service) 
 
 
Vl=12, z=20, MGO in Singapore (no delay any port) 
 
Vl=12, z=20 in Singapore (4 hours delay per port) 
Optimal Vs 
Fuel cost 
savings 
Less CO2 released 
(ton) 
Optimal Vs Fuel cost savings 
Less CO2 released 
(ton) 
Tanjung 27.5 4965 246 20.265 NC 
 
19.94 12826 108.136 
Suez Canal NA 
120 17 (crossing) 7.059     
2912.5 
149 22.466 
22.804 
2575 -17.617 
22.226 
22733 141.627 
412.5 (ECA) 20.336 19.68 
Antwerp 42 370 39 9.737 
  
11.356 -2132 -11.264 
Hamburg 32 84 15 6.000 11.426 995 5.259 
Bremerhaven 32 318 50 6.490 11.357 1985 10.488 
Antwerp 32 
412.5 (ECA) 
187 17.876 
15.269 
2541 -15.839 
14.991 
12012 60.275 
2912.5 18.319 17.925 
Suez NA 
120 22 (crossing) 
36 
5.455 
19.314 
  
   
676 17.333 9739 82.108 
King Abdullah 32 
4369 
258 17 
17.033 
-43 -3.358 
16.77 
7939 63.938 
z=20 Vl = 12 Vl = 12 
Singapore 22 
z=20 
134 16.256 
Vl = 12 -6 -2.529 
Vl = 12 7017 56.685 
2142 16.31 15.828 
Shanghai 24 439 27 16.885 
  
14.633 6604 55.675 
Busan 28 656 37 18.222 16.4 8438 71.141 
Xingang 34 419 24 18.217 15.519 7875 66.393 
Qingdao 24 328 29 11.714 12.365 -883 -7.447 
Shanghai 12 126 19 7.000 12.3 -344 -2.898 
Ningbo 17 727 42 17.732 16.156 8009 67.522 
Hong Kong 15 41 3 20.500 12.437 2219 18.657 
Yantian 12 1512 85 18.000 17.182 8795 74.149 
Tanjung 9  -   
Fuel savings CO2 savings  
Fuel savings CO2 savings 
$ % ton % $ % Ton % 
     Total 5066 0.156 -39.343 -0.171 Total 113822 4.032 860.445 3.746 
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Table A-6: Sensitivity analysis on speed limit in the VSRP 
Port 
tb 
(hours) 
D
r
 to next port 
(NM) 
t
r
 to next port 
(hours) 
Vs to 
next 
port  
(service) 
 
 
Vl=14, z=20 in Singapore (4 hours delay per port) 
 
Vl=16, z=20 in Singapore (4 hours delay per port) 
Optimal Vs 
Fuel cost 
savings 
Less CO2 
released (ton) 
Optimal Vs 
Fuel cost 
savings 
Less CO2 
released (ton) 
Tanjung 27.5 4965 246 20.265 19.94 12826 108.136 19.94 12826 108.136 
Suez Canal NA 
120 17 (crossing) 7.059       
2912.5 
149 22.466 
22.226 
22733 141.591 
22.226 
22733 141.587 
412.5 (ECA) 19.679 19.679 
Antwerp 42 370 39 9.737 11.651 -2746 -14.508 11.648 -2738 -14.465 
Hamburg 32 84 15 6.000 11.732 848 4.478 11.733 847 4.473 
Bremerhaven 32 318 50 6.490 11.649 1465 7.739 11.647 1468 7.753 
Antwerp 32 
412.5 (ECA) 
187 17.876 
14.99 
12012 60.265 
14.991 
12012 60.274 
2912.5 17.925 17.925 
Suez NA 
120 22 (crossing) 
36 
5.455 
19.314 
      
676 17.333 9739 82.108 17.333 9739 82.108 
King Abdullah 32 
4349 
258 17 
16.755 
7847 66.157 
16.743 
7940 66.938 
20 Vl = 14 Vl = 16 
Singapore 22 
20 
134 16.256 
Vl = 14 
6922 58.357 
16 (15.781) 
6966 58.728 
2122 15.8 15.781 
Shanghai 24 439 27 16.885 14.633 6604 55.675 14.633 6604 55.675 
Busan 28 656 37 18.222 16.4 8438 71.141 16.4 8438 71.141 
Xingang 34 419 24 18.217 15.519 7875 66.393 15.519 7875 66.393 
Qingdao 24 328 29 11.714 12.782 -1526 -12.867 12.778 -1520 -12.817 
Shanghai 12 126 19 7.000 12.687 -569 -4.795 12.684 -567 -4.778 
Ningbo 17 727 42 17.732 16.156 8009 67.522 16.156 8009 67.522 
Hong Kong 15 41 3 20.500 12.843 2134 17.989 12.934 2115 17.831 
Yantian 12 1512 85 18.000 17.182 8795 74.149 17.182 8795 74.149 
Tanjung 9  -   
Fuel savings CO2 savings  
Fuel savings CO2 savings 
$ % ton % $ % Ton % 
     Total 111405 3.95 849.529 3.698 Total 111541 3.955 850.649 3.703 
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Table A-7: Sensitivity analysis on policy zone length 
Port 
tb 
(hours) 
D
r
 to next 
port (NM) 
t
r
 to next port 
(hours) 
Vs to 
next port  
(service) 
 
 
Vl=12, z=40 in Singapore (4 hours delay per port) 
 
Vl=12, z=80 in Singapore (4 hours delay per port) 
Optimal Vs 
Fuel cost 
savings 
Less CO2 released 
(ton) 
Optimal Vs 
Fuel cost 
savings 
Less CO2 released 
(ton) 
Tanjung 27.5 4965 246 20.265 19.94 12826 108.136 19.94 12826 108.136 
Suez Canal NA 
120 17 (crossing) 7.059       
2912.5 
149 
22.466 
 
 
22.226 
22733 141.552 
22.229 
22733 141.326 
412.5 (ECA) 19.68 19.662 
Antwerp 42 370 39 9.737 11.345 -2110 -11.15 11.619 -2677 -14.141 
Hamburg 32 84 15 6.000 11.334 1037 5.479 11.54 942 4.977 
Bremerhaven 32 318 50 6.490 11.355 1988 10.506 11.657 1449 7.657 
Antwerp 32 
412.5 (ECA) 
187 
17.876 
 
 
14.988 
12012 60.239 
15.008 
12012 60.494 
2912.5 17.925 17.922 
Suez NA 
120 22 (crossing) 
36 
5.455 
19.314 
      
676 17.333 9739 82.108 17.333 9739 82.108 
King Abdullah 32 
4349 
258 17 
16.801 
7218 60.853 
16.864 
6473 54.574 
20 Vl = 12 Vl = 12 
Singapore 22 
20 
134 16.256 
Vl = 12 
6476 54.596 
Vl = 12 
5963 50.273 
2142 15.875 15.974 
Shanghai 24 439 27 16.885 14.633 6604 55.675 14.633 6604 55.675 
Busan 28 656 37 18.222 16.4 8438 71.141 16.4 8438 71.141 
Xingang 34 419 24 18.217 15.519 7875 66.393 15.519 7875 66.393 
Qingdao 24 328 29 11.714 12.351 -863 -7.277 12.77 -1507 -12.704 
Shanghai 12 126 19 7.000 12.285 -335 -2.828 12.768 -619 -5.215 
Ningbo 17 727 42 17.732 16.156 8009 67.522 16.156 8009 67.522 
Hong Kong 15 41 3 20.500 12.981 2105 17.749 13.465 2000 16.863 
Yantian 12 1512 85 18.000 17.182 8795 74.149 17.182 8795 74.149 
Tanjung 9  -   
Fuel savings CO2 savings  
Fuel savings CO2 savings 
$ % ton % $ % Ton % 
     Total 112547 3.991 854.843 3.721 Total 109056 3.867 829.227 3.61 
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Table A-8: VSRP in the port of Shanghai in addition to the VSRP in Singapore 
Port 
tb 
(hours) 
D
r
 to next port 
(NM) 
t
r
 to next port 
(hours) 
Vs to 
next port  
(service) 
 
Vl=12, z=20 in Singapore, Shanghai (no delay per 
port) 
 
Vl=12, z=20 in Singapore, Shanghai (4 hours delay 
per port) 
Optimal Vs 
Fuel cost 
savings 
Less CO2 released 
(ton) 
 
Optimal Vs 
Fuel cost 
savings 
Less CO2 released 
(ton) 
Tanjung 27.5 4965 246 20.265 NC   19.94 12826 108.136 
Suez Canal NA 
120 17 (crossing) 7.059       
2912.5 
149 22.466 
22.805 
2575 -17.62 
22.227 
22733 141.558 
412.5 (ECA) 20.335 19.677 
Antwerp 42 370 39 9.737    11.684 -2818 -14.887 
Hamburg 32 84 15 6.000    11.66 884 4.669 
Bremerhaven 32 318 50 6.490    11.641 1420 7.818 
Antwerp 32 
412.5 (ECA) 
187 17.876 
15.269 
2541 -15.841 
14.974 
12012 60.049 
2912.5 18.319 17.928 
Suez NA 
120 22 (crossing) 
36 
5.455 
19.314 
      
676 19.314   17.333 9739 82.108 
King Abdullah 32 
4349 
258 17 
17.033 
-398 -3.358 
16.77 
7584 63.938 
20 12 12 
Singapore 22 
20 
134 16.256 
12 
-607 -5.117 
12 
6476 54.596 2122 16.365 15.875 
20 Vl = 12 Vl = 12 
Shanghai 24 
20 
27 16.885 
Vl = 12 -403 -3.397 
Vl = 12 6475 54.588 
419 17.219 14.788 
Busan 28 656 37 18.222 18.222   16.4 8438 71.141 
Xingang 34 419 24 18.217 18.217   15.519 7875 66.393 
Qingdao 24 
308 
29 11.714 
11.711 
0 0 
12.869 
-1587 -13.382 
20 11.761 Vl = 12 
Shanghai 12 
20 
19 7.000 
7.044 
0 0 
Vl = 12 -530 -4.469 
106 6.992 12.731 
Ningbo 17 727 42 17.732 17.732   16.156 8009 67.522 
Hong Kong 15 41 3 20.500 20.5   12.744 2153 18.156 
Yantian 12 1512 85 18.000 18   17.182 8795 74.149 
Tanjung 9  -   
Fuel savings CO2 savings  
 
Fuel savings CO2 savings 
$ % ton % $ % ton % 
     Total 3707 0.131 -45.333 -0.197  Total 110544 3.92 842.082 3.666 
 
